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General introduction
INTRODUCTION 
Biodiversity is defined by the Convention on Biological Diversity (2018) as “the 
variability among living organisms from all sources including inter alia, terrestrial, 
marine and other aquatic ecosystems and the ecological complexes of which they 
are part. This includes diversity within species, between species and of ecosystems”. 
Three levels of biodiversity can be distinguished: 1) genetic diversity, 2) species 
diversity, and 3) ecosystem diversity. Globally biodiversity is decreasing at all three 
levels (Pimm et al. 1995) and is expected to continue the coming decades (Sala et al. 
2000, Butchart et al. 2010, Seto et al. 2012). As a result, the functioning of ecosystems 
is under pressure (Hooper et al. 2005, Gamfeldt et al. 2008) as well as the services that 
ecosystems provide (Schröter et al. 2005, Worm et al. 2006, Carpenter et al. 2009, 
Seto et al. 2012). The decline in biodiversity is especially eminent in river catchments 
(Sala et al. 2000, Clausen and York 2008, Heino et al. 2009). This decline results from 
economic activities related to the functions river provide such as transport over water, 
freshwater supply for drinking water and irrigation, flood protection, recreation and 
natural resource exploitation (Tockner and Stanford 2002).
Within the context of this thesis the following classification of major threats in river 
catchments caused by humans is used: 1) water pollution, 2) modification of flow, 3) 
habitat alteration and destruction, 4) overexploitation of water and organisms, 5) the 
introduction of invasive alien species, and 6) the overarching effect of environmental 
changes caused by climate change (Malmqvist and Rundle 2002, Dudgeon et al. 2006, 
Leuven et al. 2009, Vaughn 2010, Arthington et al. 2010)(Figure 1.1). These threats 
may interact and thereby enlarge their negative impact on freshwater biodiversity. In 
river catchments of North-Western Europe after an era of severe pollution and river 
and estuarine engineering construction works abiotic conditions have been severely 
altered mainly through flow modification, habitat alteration and destruction and the 
overarching effect of environmental changes due to climate change. In addition 
numerous alien species have been introduced intentionally and unintentionally 
which are profiting or are affected to a lesser extent by changes in abiotic conditions 
compared to the native species. With an increasing effort to restore and mitigate the 
effects of the aforementioned threats it is vital to have a thorough understanding of 
environmental requirements of species to evaluate and to predict the effectiveness 
of restoration measures. Therefore, this thesis studies environmental requirements of 
species occurring in rivers of North-Western Europe and uses these requirements to 
evaluate the effectiveness of restoration measures.
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The thesis focuses on abiotic requirements of native and alien freshwater snails, 
mussels and fish. Special attention will be given to the influence of changes in abiotic 
conditions (e.g., water temperature, flow velocity and water level fluctuation) due to 
climate change and on the abiotic effects of high shipping intensities in the Rhine-
Meuse river delta. The final part of this thesis aims to evaluate the (potential) ecological 
effects of constructed longitudinal training dams and side channels. The methodology 
consists of (1) determining abiotic habitat requirements of species through literature 
and field research, (2) assessing the effects of extreme changes in environmental 
conditions on species assemblages and the services ecosystems provide through 
field studies, and (3) evaluating the effectiveness of restoration measures through field 
monitoring and modelling. This introduction starts with a general description of the 
main threats occurring in river catchments. Subsequently, existing riverine ecosystem 
concepts and their ability and shortcomings to predict species assemblages at patch 
scale are discussed. The introduction ends with an outline of the various chapters of 
this thesis. 
FIGURE 1.1  Human induced threats to freshwater biodiversity in rivers and in their 
catchments. 
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General introduction
1.1. THREATS TO FRESHWATER BIODIVERSITY
1.1.1. Water pollution
Due to human activities there is a continuous release of pollutants in river catchments 
thereby changing abiotic conditions (Holt 2000, Beeton 2002). Especially inorganic 
nitrogen and phosphorus levels have increased in aquatic ecosystems (Beeton 
2002, Camargo and Alonso 2006, Azevedo et al. 2015), leading to acidification and 
eutrophication thereby impeding growth, reproduction and survival of freshwater 
species (Smit 2003, Camargo and Alonso 2006). In addition to nutrients, numerous 
organic and inorganic chemicals are released (Beeton 2002, Carpenter et al. 2011, Malaj 
et al. 2014), resulting in further limitations for freshwater species. Pesticides (Hanazato 
2001, Relyea and Hoverman 2006) and medicines (Boxall et al. 2004, Johnson et al. 
2013) also end up in river catchments and more recently nanomaterials (Batley et al. 
2013) and plastics (Wagner et al. 2014, Dris et al. 2015), all exerting an effect on river 
ecosystems. Next to pollutants, the discharge of cooling water (Cairns 1971) and the 
production of underwater sounds (Slabbekoorn et al. 2010) negatively affects abiotic 
conditions. 
1.1.2. Modification of water flow 
Globally the natural flow regimes of many rivers have been modified through the 
construction of dams and weirs (Nilsson et al. 2005), channelization (Gore and Shields 
1995, Gregory 2006), the extraction of water (see paragraph 1.1.4) and land use 
changes (Foley et al. 2005). The modification of discharge limits the lateral, vertical 
and longitudinal connectivity within river catchments and changes abiotic conditions. 
Natural flow regimes have been found to be vital for many riverine species (Jurajda 
1995, Bunn and Arthington 2002, Lytle and Poff 2004, Naiman et al. 2008). 
1.1.3. Habitat alteration and destruction
Habitats of river catchments have been altered, degraded or even destroyed through 
dams, weirs, channelization and bank protection impeding lateral channel migration 
and reducing habitat diversity (Beeton 2002, Dudgeon et al. 2006, Gregory 2006, 
Kucera-Hirzinger et al. 2009). In addition, to facilitate inland waterway navigation 
regular dredging of the fairway is performed impeding fish diversity (Freedman et al. 
2013). Abiotic conditions of habitats have been severely altered by inland waterway 
navigation as their movement increases wave action, shear stress, flow velocity, 
sediment resuspension and underwater sound levels (Liddle and Scorgie 1980, 
Söhngen et al. 2008, Kucera-Hirzinger et al. 2009, Hofmann et al. 2011, Wysocki et al. 
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2007, Gabel et al. 2017). Alteration and destruction of habitat will continue, especially 
in the developing countries as the integrated river basin management approach used 
in many developed countries nowadays cannot be directly transferred to developing 
countries (Shah et al. 2001). As inland shipping is considered a more sustainable mode 
of transport of goods and bulk resources compared to road and railroad transport, the 
use of rivers for shipping will increase in near future (Colvile et al. 2001, Rohács and 
Simongáti 2007, European Commission 2011), resulting in more hydraulic engineering 
that further reduces river sinuosity and freshwater habitat quality minimizing 
heterogeneity by less variation in flow and sediment. 
1.1.4. Overexploitation of water and organisms
As freshwater is vital for the survival of humans (e.g., consumption, irrigation for growth 
of crops and industrial usage), large volumes of freshwater have been extracted from 
river catchments influencing water flow (Beeton 2002, Koehler 2008, Nebel et al. 2008, 
Gleick and Palaniappan 2010). Depending on water scarcity, the extraction can have 
severe effects on the functioning of riverine ecosystems (Falkenmark 1994, Kingsford 
2000, McKay and King 2006) and on biodiversity (Hanafiah et al 2011). In addition to 
water extraction, several species in particular fish within river catchments have been 
overharvested due to their economic value thereby decreasing their abundance 
(Birstein 1997, Anthony and Downing 2001, Allan et al. 2005, Gherardi 2011). In addition 
to commercial exploitation, recreational activities (e.g., angling or other shore and 
water based activities) can directly influence species diversity and abundance (Liddle 
and Scorgie 1980, Venohr et al. 2018), e.g. by fish stockings of introduction of alien 
game fish or bait (Cambray 2003, Savini et al. 2010).
1.1.5. The introduction of invasive alien species
During several millennia the exploration of the world by humans have resulted in 
facilitation of spread and introduction of alien species (Hulme 2009). The intentional 
and unintentional spread of alien species has increased due to increase in global 
trade and tourism (Vitousek et al. 1997, Hulme 2009). The introduction of invasive alien 
species is expected to increase with increasing economic prosperity, production and 
connectivity of river catchments by canals for shipping and water diversion (Dalmazzone 
2000, Leprieur et al. 2008). Globally, riverine ecosystems are among the systems most 
impacted by alien species (Sala et al. 2000) due to the fact that commercial ports 
are major hubs for navigation and thereby for the introduction of alien species by 
ballast water of seagoing ships and by hull fouling (Drake and Lodge 2004, Keller et 
al. 2011). Subsequently, the interconnectivity of rivers and freshwater lakes increased 
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Processed on: 2-8-2019 PDF page: 14
14
General introduction
due to the construction of canals in combination with inland navigation, resulting in 
a high propagule pressure of alien species throughout river catchments (Leuven et 
al. 2009, Strayer 2010). Additional introductions occur through the intentional and 
unintentional release of species via aquarium trade, stockings for (recreational) fishery, 
escape from aquaculture for example by flooding and by overland transport of fishing 
gear, recreational boats and numerous other containers and structures (Johnson and 
Carlton 1996, Minchin et al. 2003, Cambray 2003, Lintermans 2004, Dextrase and 
Mandrak 2006). Establishment of alien species is facilitated by habitat alteration and 
creation of open niches due to pollution (Van der Velde et al. 2002, Kennard et al. 
2005), flow modification (Bunn and Arthington 2002, Lytle and Poff 2004, Johnson et al. 
2008) and habitat alteration and destruction (Kennard et al. 2005, Leuven et al. 2009).
1.1.6. Environmental changes due to climate change
Climate change influences global and continental hydrological cycles (Sophocleous 
2004, Dore 2005, McMenamin et al. 2008). Due to increased snow-melt, precipitation 
and evapotranspiration river discharge will be characterised by more extreme 
discharge peaks resulting in additional pressures on river flow and habitat quality 
(Arnell 1999, Lehner and Döll 2001, Middelkoop et al. 2001, Van Vliet et al. 2013). 
Depending on the region and season, precipitation may decrease resulting in lowered 
water levels and limited potential water extraction for human consumption. Within 
other areas an increase in precipitation is expected increasing the probability of floods 
thereby prompting flood risk reduction measures (Milly et al. 2008). In addition, water 
temperatures of rivers, lakes and wetlands within river catchments are expected to 
rise (Quayle et al. 2002, Adrian et al. 2009, Van Vliet et al. 2013), influencing not only 
species distribution (Walther et al. 2002) but also aggravating the effect of the existing 
pollution on riverine species (Noyes et al. 2009). Due to climate change with global 
warming, commercial shipping in colder regions which could become ice free is 
possible for longer periods increasing the propagule pressure of alien species (Kolar 
and Lodge 2002, Hellmann et al. 2008). Moreover, longer periods of high temperatures 
will increase recreational use of freshwater bodies such as boating and angling further 
facilitating spread of alien species intentionally and unintentionally (Richardson and 
Loomis, 2004). Though in several areas, recreational use of freshwater bodies might 
also be restricted due to decreasing water levels caused by climate change (Morris 
and Walls 2009). The altered environmental conditions will enable colonization and 
establishment of alien species when barriers for dispersal and abiotic constraints that 
limit their establishment and spread are lifted (Hellmann et al. 2008, Rahel and Olden 
2008). In addition, the impacts of alien species might increase when they experience 
more favourable abiotic conditions (Hellmann et al. 2008, Rahel and Olden 2008). 
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FIGURE 1.2  Catchments of the rivers Rhine and Meuse in Western Europe 
(Adapted from Rijkswaterstaat 2018a).
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General introduction
1.2 WESTERN EUROPEAN RIVERINE 
ECOSYSTEMS
Western European river catchments have been subjected to the aforementioned 
threats by alien species, water and sediment pollution, abstraction of water, extraction 
of sediments, overexploitation of species, habitat degradation, flow modification and 
the overarching effect of climate change (Vörösmarty et al. 2010). As a result their 
biodiversity and ecological functioning has been severely altered (Van der Velde et al. 
2002, Uehlinger et al. 2009).
One of the Western European river catchments that has been influenced the most 
and for the longest period of time is the river Rhine and its floodplains. The river rises in 
the Swiss and Austrian Alps and flows through Germany, France and the Netherlands 
to discharge in the North Sea (Figure 1.2). The river has a total length of roughly 1250 
km, has an average discharge of 2300 m3.s-1 and is supplied by rainwater as well as 
glacial melt water (Uehlinger et al. 2009). In the Netherlands the river Rhine splits into 
three distributaries: the free flowing river Waal and river IJssel and the impounded 
river Nederrijn. The river Rhine is a main source of freshwater and the main waterway 
for transport of goods for one of the most important economic regions of Europe 
(Uehlinger et al. 2009, Central Commission for the Navigation of the Rhine 2016, 
Observatory of European Inland Navigation 2018).
Like the river Rhine, the river Meuse has been influenced by man for centuries 
(Descy et al. 2009). The river Meuse has a length of 905 km, has an average discharge 
of 230 m3.s-1, rises in France and flows through Belgium to discharge via the Rhine-
Meuse estuary in the North Sea in the Netherlands (Figure 1.2). The river Meuse also 
provides numerous services to humans, such as industrial cooling water, freshwater 
and navigation (Descy et al. 2009). The river is characterized by a highly variable 
discharge as it is mainly fed by rainwater. In order to facilitate navigation during low 
discharges the water level in this river has been regulated by weirs and dams (Van Vliet 
and Zwolsman, 2008, Descy et al. 2009). Within the Netherlands, the distributaries of 
the river Rhine and river Meuse discharge in a large delta area (Figure 1.2).
1.2.1. Threats in the Rhine-Meuse river delta
The Rhine-Meuse floodplains and river delta are continuously influenced by human 
use. During the past centuries numerous modifications of the floodplains and delta 
have occurred resulting in both rivers having a narrowed straightened channel (Cals 
et al. 1998, Lenders 2003, Van Stokkom et al. 2005, Uehlinger et al. 2009). Modification 
was mainly performed through the construction of dams, weirs, canals, groynes 
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and embankments (Van Stokkom et al. 2005, Huthoff et al. 2011). Additional flow 
modification can be expected as the frequency and intensity of low and high flow 
events is expected to increase (Kwadijk and Rotmans, 1995, Middelkoop et al. 2001). 
Habitat diversity decreased as a result of the stepwise modifications since several 
centuries, leading to a uniform and simplified habitat composition of rivers (Grift 2002). 
The quality of remaining habitats was drastically reduced due to high concentrations 
of various toxicants (Meijers and Van der Leer 1976, Beurskens et al. 1993, Cals et 
al. 1998, Middelkoop 2000), increased water temperatures due to release of cooling 
water and global warming as a result of climate change (Leuven et al. 2011) and high 
commercial shipping intensities (Ten Brinke et al. 1999, Gabel et al. 2017, Zajicek et 
al. 2018). Due to the construction of canals the Rhine-Meuse river delta is nowadays 
connected to several other river catchments such as the rivers Weser, Danube and Elbe 
(Leuven et al. 2009), facilitating the spread of numerous alien species (Van den Bossche 
2002, Bernauer and Jansen 2006, Descy et al. 2009, Leuven et al. 2009). 
1.2.2. Ecological value of the Rhine-Meuse river delta
Biodiversity of the Rhine-Meuse river delta has severely decreased during the 20th 
century (Van den Brink et al. 1996). After a large effort was initiated to improve water 
quality, species richness increased. However, solely improving water quality did not 
suffice as recovery of species richness stagnated (Van den Brink et al. 1996), likely due to 
low habitat diversity (Aarts et al. 2004). As a response, since the mid-1990s restoration 
efforts aimed at reducing the impacts of other threats by improving the connectivity 
between existing water bodies in the floodplains and the river, among others by the 
construction of side channels (Cals et al. 1998, Buijse et al. 2002). Evaluation of these 
side channels showed a positive effect on habitat diversity leading to enhancement of 
species diversity and abundance (Simons et al. 2001, Grift et al. 2003, Straatsma et al. 
2017). 
With the implementation of the European Water Framework Directive (WFD, 
European Commission 2000) the focus of river management changed from 
technological to sustainable management taking ecological values explicitly into 
account (Van Stokkom et al. 2005, Nienhuis et al. 2002). In the Netherlands, the flood 
defence programme ‘Room for the River’ strongly contributes to the achievement 
of WFD targets for the ecological status of riverine ecosystems (Rijke et al. 2012, 
Straatsma et al. 2017). This programme aims at reducing flood risks while improving 
spatial quality, resulting in various physical restoration measures such as the creation 
of side channels and novel longitudinal training dams. Existing floodplain waters have 
been reconnected with the main channel aiming at restoration of habitat for rheophilic 
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species (Van Stokkom et al. 2005, Huthoff et al. 2011). Important for restoration of 
riverine ecosystems is that these measures mitigate human impacts that negatively 
affect river ecosystem functioning. Therefore, it is vital for any restoration measure 
to take existing river ecosystems concepts into account to maximise the potential 
effectiveness of the measure (Buijse et al. 2002, Van der Velde et al. 2007).
1.3 RIVER ECOSYSTEM CONCEPTS
Since the early 1980s various ecological concepts have been developed to explain 
the functioning and ecological integrity of riverine ecosystems and the effects 
of environmental threats. Concepts differ in spatial and temporal scales, ranging 
between covering the entire river basin or focusing on a reach or finer scale (Frissel 
et al. 1986, Thorp et al. 2006, Van der Velde et al. 2007). Rivers are characterized by 
connectivity between 1) upstream and downstream parts, 2) channel and floodplain, 
and 3) channel and groundwater (Vannote et al. 1980, Ward 1989, Wiens 2002), 
implying that connectivity is vital for a healthy river (Jungwirth et al. 2002, Wiens 
2002). Connectivity in river systems is enhanced by flood and flow pulses increasing 
connectivity to floodplains and between upstream and downstream sections (Junk et 
al. 1989, Tockner et al. 2000, Bunn and Arthington 2002). The timing and duration 
of flood and flow pulses is a key factor triggering numerous life history strategies of 
freshwater species (Bunn and Arthington 2002). Due to regulation of rivers the extent 
and timing of flood and flow pulses has severely been altered thereby influencing the 
ecological integrity of the river. In addition, regulation results in discontinuity of abiotic 
conditions that one would expect based on natural connectivity (Stanford and Ward 
2001). For instance, regulation aimed at confining flow to the main channel of a river 
might result in an increased flow velocity reducing habitat suitability for many species 
in the main channel. 
The spatial scale at which species experience their surroundings is at the microhabitat 
scale (0.1 m), defined by Frissel et al. (1986) as: “system that has a relative homogenous 
substrate type, water depth, and velocity”. Within rivers a mosaic of combinations of 
physical conditions is present (Frissel et al. 1986, Wiens 2002, Thorp et al. 2006). Species 
have a specific preference to certain patches within this mosaic thereby determining 
their occurrence and distribution in rivers and influencing their life history adaptations 
(Dodds and Hisaw 1924, Cummins and Lauff 1969, Frissel et al. 1986, Palmer et al. 
2000). When abiotic conditions exceed the extremes that species can cope with their 
presence will be limited. Quality of patches is continuously influenced by flow and 
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local conditions (Frissel et al. 1986, Lancaster 2000, Bunn and Arthington 2002, Clarke 
et al. 2003, Thorp et al. 2006). The flow itself depends on large scale processes that 
are influenced by natural processes (e.g., climate change) and by human interventions 
(e.g., dam construction and land use changes). 
Events and processes occurring in river systems and beyond can be seen as 
environmental filters influencing the species assemblage (Smith and Powell 1971, Poff 
1997). Globally there is a potential species pool, like marine and freshwater fishes, 
that is filtered at a high spatial and temporal scale by general physiological filters 
(Smith and Powell 1971, Poff 1997, Quist et al. 2005). Subsequently, filtering occurs 
through geographic processes and climatic conditions occurring at a river basin 
and watershed scale. At the stream and reach scale connectivity is a filtering force 
for spread capabilities of species. The local filters consist of the abiotic conditions 
at the microhabitat scale and the interaction among species (e.g., competition and 
predation, Smith and Powell 1971, Poff 1997). 
The environmental filter concept can also be used to assess the potential 
establishment and impacts of alien species. Introduction of alien species is based on 
breaching biogeographic barriers which under natural conditions would prevent the 
alien from spread and entering the system (Rahel 2007). Altered climatic conditions 
and quality of habitat patches further increase the establishment potential of alien 
species. Local impoverished biotic communities have a reduced biotic resistance 
enabling establishment and dominance of alien species (Funk et al. 2008, Alofs and 
Jackson 2014). Reducing establishment of alien species can therefore be facilitated by 
improving patch quality for native species. 
All threats that are currently occurring in freshwater ecosystems have impacts at 
different spatial scales (Steel et al. 2010), depending on the natural recurrence of 
disturbance filters are affected thereby determining species diversity within freshwater 
ecosystems. This implies that merely restoring and increasing habitat conditions is 
not sufficient to restore ecological integrity. Environmental impacts on environmental 
filters have to be reduced as well (Palmer et al. 2010). The latter is especially important 
in the case of increasing connectivity, restoring natural flow patterns within the riverine 
system and limiting other threats as they influence habitat quality at larger spatial and 
temporal scales. 
To improve the efficacy of restoration measures it is important to have prognostic 
tools that allow to predict their benefit for biodiversity (Jungwirth et al. 2002, Buijse 
et al. 2005). These tools not only have to indicate the potential of increased habitat 
quality and heterogeneity but also have to be flexible enough to assess influences of 
increased connectivity and flood and flow pulses at larger spatial and temporal time 
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scales. Moreover, models should be able to encompass and predict for entire species 
assemblages as species diversity is dependent on biotic interactions. 
1.4 SPECIES SENSITIVITY DISTRIBUTIONS
Species sensitivity distributions (SSDs) are potentially predictive models that can be 
used to design, evaluate and re-design interventions. SSDs are statistical distributions 
that describe the variation in species sensitivity related to a particular environmental 
factor (Posthuma et al. 2002; Figure 1.3). Sensitivity being defined as the species 
response to a level of a physico-chemical property (cf. Knouft and Ficklin 2017). The 
response can either be occurrence within reported maximum and minimum levels or 
preferences of a physico-chemical property in the field or due to deleterious effects 
under laboratory conditions. Exceedance of a sensitivity inevitably results in limitation 
for the species by the environmental filter.
FIGURE 1.3  Example of how individual sensitivities to an environmental factor are used 
to construct the species sensitivity distribution (SSD) model to predict the potentially 
affected fraction (PAF) or potentially not occurring fraction (PNOF).
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The SSD approach originated in the field of toxicology, as it allows evaluating the 
influence of chemical concentrations on species (Posthuma et al. 2002). Recently, the 
approach has been expanded to non-chemical abiotic conditions that determine 
habitat patch quality like flow velocity, water temperature, dissolved oxygen levels and 
salinity concentrations (Kefford et al. 2006, De Vries et al. 2008, Leuven et al. 2011, 
Verbrugge et al. 2012a, Elshout et al. 2013, Del Signore et al. 2016b, Koopman et al. 
2018). 
SSDs are versatile, allowing assessments of potential species assemblages 
for different species or taxonomical groups separately (e.g., Elshout et al. 2013) or 
combined (Kefford et al. 2006, Amores et al. 2013) thereby suited to optimize restoration 
measures for the entire freshwater species community. The SSD model also allows 
predicting potential species absence or occurrence for different life stages of species 
(Elshout et al. 2013, Del Signore et al. 2016b) or for native and alien species separately 
(Leuven et al. 2011, Verbrugge et al. 2012a, Elshout et al. 2013, Koopman et al. 2018). 
Application of SSDs can be achieved by combining the approach with existing 
models that are used to assess abiotic impacts of restoration measures. Linking both 
approaches would allow an assessment of the ecological potential in the design/
planning phase and thereby may facilitate ecological optimization before the actual 
restoration measures have been performed. As application of SSDs is easy, once they 
have been derived, time investment to incorporate SSDs in the design or planning 
process of restoration measures is minimal. Due to the quick and easy application of 
SSDs they can also be used to model the ecological potential of restoration measures 
under varying flow regimes allowing for incorporating variability in patch quality due 
to processes at larger temporal and spatial scales. 
1.5 RIVERCARE RESEARCH PROGRAMME
Part of this study is conducted within ‘RiverCare’ (Hulscher et al. 2014). This riverine 
research programme, funded by NWO, aims to “address the scientific challenges and 
get a better understanding of the fundamental processes that drive ecomorphological 
changes, predict the intermediate and long-term developments, make uncertainties 
explicit and develop best practices to reduce the maintenance costs and increase 
the benefits of interventions (Hulscher et al. 2014).” In order to reach this aim the 
RiverCare programme consists of several work packages that focus on various 
aspects of processes in rivers (e.g. hydromorphodynamics, ecology and governance). 
Ecologically, one of the key aspects that is assessed is the integration of biotic and 
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abiotic processes especially in relation to establishing predictive models (Hulscher et 
al. 2014). 
1.6 GOAL AND AIMS OF THIS THESIS
Because of the numerous environmental threats exerting stress on the biodiversity of 
the Rhine-Meuse river delta and efforts to implement restoration measures the aim 
of this thesis is “to enlarge the body of knowledge on environmental requirements of 
species and using these requirements to evaluate the efficacy of restoration measures”. 
This goal will be achieved by answering the following research questions (Figure 1.4):
•  What are the abiotic requirements of species in riverine ecosystems 
   (Chapter 2 and 3)? 
•  How do environmental disturbance events influence the mollusc species 
composition and the ecosystem services they provide (Chapter 4 and 5)? 
•  What are the sensitivities of mollusc species to climate related environmental 
factors (Chapter 6 and 7)?
•  How effective are recent restoration measures in the river Rhine, i.e. the 
replacement of river groynes by longitudinal training dams and construction of 
shore and side channels (Chapter 8 and 9)?
1.7 OUTLINE OF THESIS 
The continuing introduction of invasive alien species, their establishment and effects 
are partially determined by their abiotic requirements and those of their native 
counterparts. Chapter 2 assesses the requirements and risks associated with a newly 
introduced alien species to the Rhine-Meuse river delta. This is done by performing 
an extensive literature search on the current risks associated with these species and by 
sampling and measuring the conditions where the species is currently found. Chapter 
3 derives the effect of abiotic requirements for the potential boat hull mediated 
spread of freshwater mussels. Quagga (Dreissena rostriformis bugensis) and zebra 
mussels (Dreissena polymorpha) are allowed to attach to boat hull materials and are 
subsequently exposed to overland transport conditions yielding potential dispersal 
rates based on their air exposure sensitivity. Both chapters show the importance of 
abiotic conditions as barriers for species distribution. 
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Such abiotic requirements of species are vital to assess the impact of extreme abiotic 
conditions on species diversity and density. Chapters 4 and 5 show the consequences 
of extreme water level fluctuations leading to air exposure for native and alien mussel 
diversity and abundance. Moreover, chapter 5 assesses the effect of such an event on 
the services provided by freshwater mussels to humans. This is derived by combining 
state of the art elevation models with remotely sensed data using an unmanned 
airborne vehicle (UAV) and field-based monitoring of mussel densities during an 
extreme event. Combined with filtration rates of mussels the lost filtration capacity is 
derived. 
To predict potential influences of extreme environmental disturbance events in 
chapter 6 SSDs for climate change related environmental factors are developed. The 
models are derived for all European freshwater bivalves. An extensive literature search 
is performed to acquire abiotic conditions under which species are found throughout 
Europe. Subsequently, these data are used to predict which species will be most 
vulnerable to changes in climate related environmental factors. To validate the SSDs 
chapter 7 compares predicted freshwater bivalve assemblages in the river Waal with 
actually recorded species. 
Validated SSDs can be used for evaluating large scale restoration measures aiming at 
improving their efficacy. Chapter 8 evaluates the abiotic suitability of a previously build 
side channel for native and alien freshwater fish using SSDs. Through measuring water 
temperature with an UAV outfitted with thermal imagery, spatially explicit temperature 
maps are acquired. These maps are subsequently combined with SSDs for native and 
alien fish yielding the potentially occurring fraction of both species groups. Chapter 9 
assesses the change in fish species diversity and abundance as a result of novel shore 
channels with changed abiotic conditions created by the construction of longitudinal 
training dams. 
In chapter 10 a synthesis of the previous chapters is presented with a focus on 
the applicability of SSDs to evaluate and design restoration measures in riverine 
ecosystems. The potential to predict species occurrence using SSDs is discussed as 
well as the potential applications of the SSD approach for improving the effectivity of 
restoration efforts in large rivers. Figure 1.4 shows the main components of this thesis 
(blue box) and the coherence between chapters.
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Threats in river catchments (1)
New introductions of 
invasive alien species (2)
Dispersal potential 
of species (3)
Mortality of alien and 
native species (4)
SSDs for freshwater 
biodiversity (6)
Water level 
fluctuation  rivers (7)
Reduced filtration 
capacity  (5)
Abiotic 
requirements 
of species
SSD
application
SSD 
development
Evaluation 
mitigation 
measures
Construction of 
Side channels (8)
Construction of 
longitudinal training
dams (9)
Effect of 
abiotic filter events
Synthesis, conclusions and 
recommendations (10)
FIGURE 1.4  Flow chart that shows the coherence between chapters of this thesis 
(chapter numbers are indicated in brackets; SSDs: Species sensitivity distributions).
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ABSTRACT
The Chinese mystery snail, Bellamya (Cipangopaludina) chinensis, was recorded 
for the first time in 2007 in the Netherlands. By 2016, twelve water bodies 
(mostly riverine ecosystems) had been colonized by this freshwater snail. 
These records were the first known introductions of this alien species in the 
European Union (EU). Insight into the invasiveness and (potential) risks of 
ecological, socio-economic and public health effects of B. chinensis in Europe 
is urgently needed due to multiple introductions, permanent establishment 
and continuing secondary spread. A field survey was carried out to determine 
dispersal rate, habitat conditions and population characteristics of B. chinensis 
in the floodplain Eijsder Beemden along the river Meuse. The natural dispersal 
rate in this area was 0.1 km.yr-1 and the average population density was 0.33 
individuals.m-2. This species has colonized several floodplain lakes that are 
hydrologically connected to the river Meuse. New introductions and colonization 
of the main channels of large rivers are expected to accelerate the dispersal 
of this species through water flow and shipping vectors. A risk assessment of 
B. chinensis was performed using the Harmonia+ protocol. Evidence of deliberate 
and unintentional introductions led to a high score for introduction risk. Risk 
of establishment was also assessed as high. The risk assessment resulted in 
a medium score for spread risk due to dispersal by human action. The assessed 
impact on plant targets or animal targets was very low. A medium risk was assigned 
to impacts on environmental targets. Risk of impacts on human targets received 
a low score. The overall invasion risk was classified as high and environmental 
impact was medium, resulting in a medium overall risk score. Regulation of 
B. chinensis trade and an increase in public awareness about its impact are 
required to prevent new introductions and further spread of this species in 
Europe. Moreover, there is an urgent need for research concerning the effects 
of B. chinensis on native biodiversity and ecosystem functioning, and cost-
effective management of this species (e.g., eradication, population control and 
containment measures). 
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2.1 INTRODUCTION
The first record of the Chinese mystery snail, Bellamya (Cipangopaludina) chinensis 
(Gray, 1834) (Viviparidae), was made in 2007 in the Netherlands in a floodplain lake 
(Piters 2007; Appendix: Table S1). By 2016, this freshwater snail had established 
populations at twelve sites in the Rhine and Meuse river basins in Western Europe. 
These were the first records of this alien freshwater snail in the European Union (EU). 
The Rhine and Meuse river basins are hot spots for introductions of alien species and 
act as an important European invasion corridors (Arbačiauskas et al. 2008, Leuven et al. 
2009, Panov et al. 2009).The nomenclature of B. chinensis is widely debated resulting 
in two commonly used genus names: Bellamya and Cipangopaludina. We follow Smith 
(2000) who advocates the placement of the Chinese mystery snail into the subfamily 
Bellamyinae due to the absence of folding of the gill filament characteristic of the 
genus Cipangopaludina. Smith (2000) suggests the provisional use of Cipangopaludina 
as a subgenus of Bellamya, representing the larger Bellamyinae with unbanded shells 
and a native distribution in Asia.
Bellamya chinensis is native to China, Taiwan, Korea and Japan (Chiu et al. 2002, 
Global Invasive Species Database 2011, Lu et al. 2014). The introduction of this species 
into the United States of America (USA) occurred at the end of the 19th century for 
the Asian food market (Jokinen 1982, Karatayev et al. 2009a). Since then, B. chinensis 
has spread rapidly across North America and is currently present in Canada (Quebec, 
Ontario, British Columbia, Nova Scotia, New Brunswick and Newfoundland; McAlpine 
et al. 2016) and 32 states of the USA (including Hawaii and Alaska; Jokinen 1982, 
Karatayev et al. 2009a, Global Invasive Species Database 2011).
Risk assessments are a common policy instrument to identify species likely to 
become invasive and cause significant adverse impacts (Verbrugge et al. 2012b). Risk 
assessments for alien species generally take into account four main stages of invasion: 
entry, establishment, spread and impacts. Therefore, information is needed on all four 
stages of invasion to properly assess the invasion risk of B. chinensis.
The primary introduction pathways of B. chinensis are the aquarium and ornamental 
trade and imports for Chinese food markets (Karatayev et al. 2009a, Strecker et al. 
2011). Hobbyists and other users likely increase the secondary spread of B. chinensis 
(Strecker et al. 2011, Soes et al. 2016), indicated by its scattered distribution pattern 
(Kroiss 2005). The dispersal vectors that facilitate the secondary spread of B. chinensis 
are unknown. Due to the ability of B. chinensis to attach to boat hulls and to survive 
prolonged air exposure, recreational boats could be a potential vector for dispersal via 
transport over land and through waterway networks (Havel 2011, Havel et al. 2014). This 
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vector is supported by the higher chance of occurrence of B. chinensis with decreasing 
distance from a boat launch (Solomon et al. 2010). Waterfowl and aquatic mammals 
(e.g., otters and muskrats) can also act as dispersal vectors for B. chinensis (Claudi and 
Leach 2000).
The presence of several human mediated dispersal vectors increases the likelihood 
of new introductions of B. chinensis in Europe. In a horizon-scanning exercise for the 
EU, Roy et al. (2015) classified B. chinensis as a high risk species, and emphasised 
the need for a detailed risk assessment. According to the New York invasiveness 
assessment B. chinensis is recognized as a potentially high risk species (Adams and 
Schwartzberg 2013). The management costs of invasive alien species (IAS) are high 
(Simberloff 2005, Pimentel et al. 2005, Williams et al. 2010, Oreska and Aldridge 2011, 
Kettunen et al. 2008). Therefore, it is urgent to assess the potential for invasiveness of 
B. chinensis in the Rhine and Meuse river basins. This paper aims to present relevant 
field and literature data on the entry, establishment, spread and impact of B. chinensis 
and to perform a risk assessment using this information. In order to achieve these 
goals a field survey was performed to 1) quantify the natural dispersal capacity of B. 
chinensis, and 2) determine the population characteristics of the largest known B. 
chinensis population in the Rhine and Meuse river basins. In addition, a risk inventory 
was conducted using information from an extensive literature review concerning the 
invasion biology and ecological, socio-economic and public health effects of this 
species. We then performed a risk assessment using the Harmonia+ protocol.
2.2 METHODS
2.2.1. Field sampling
Field surveys were performed in the summer of 2016 focussing on floodplain lakes in 
the Eijsder Beemden (50º47′35.3″N; 5º41′49.1″E) along the impounded river Meuse, 
where the largest known population of B. chinensis in the Netherlands occurs (Soes et 
al. 2016; indicated by arrow in Figure 2.1A). At this site, conductivity (µs.cm-1), salinity 
(ppt) and temperature (°C) were measured using a YSI 30 meter (YSI incorporated, 
USA). Additionally, flow velocity (m.s-1) was measured using a TAD-micro flow velocity 
meter (probe: W16, Höntzsch GmbH-W, Germany). Snail density was only determined 
at Location 1 (Figure 2.1B) by counting live individuals using an aquascope in three 
random 1 × 1 m2 plots and by taking three one metre long sediment scoops with a 0.5 
metre wide pond net. Living individuals and empty shells were taken to the laboratory 
for weight and size measurements. The shells of all collected individuals were measured 
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for length and width using a digital calliper. The gender and wet weight of collected 
living snails was determined. Wet weight measurements were performed using snails 
with a closed operculum and with their shell dried using a paper tissue. The fecundity 
of females was estimated after dissection by counting the total number of developing 
and released juveniles in the lab. After dissection of snails, their shell and operculum 
were dried at 60 °C for 24 hours and subsequently weighed. We performed linear 
regression analyses of relations between 1) shell length and width, and 2) shell length 
and body (dry) weight, using Microsoft Excel.
FIGURE 2.1  A) Distribution of Bellamya chinensis in the Netherlands. The arrow 
indicates the Eijsder Beemden location. Mapping was performed using the software 
program “STIPT” (Frigge 2014; Appendix: Table S1); B) Distribution of B. chinensis in 
the Eijsder Beemden (Green circles: one or more living individuals; Red squares: no 
individuals found; numbers depict the different monitoring locations; Appendix: Table 
S2).
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Additionally, at ten locations in the Eijsder Beemden (Figure 2.1B) an assessment 
of the presence of B. chinensis was made using an aquascope. Subsequently, the 
date of first record of B. chinensis and distribution pattern over time in this floodplain 
area enabled calculations of natural dispersal rates of this species. The dispersal rate 
was expressed as the linear distance in kilometres between the initial record (2010) 
and most distant record divided by the time difference in years, yielding a maximum 
dispersal rate expressed as km.yr-1.
2.2.2. Risk inventory
In addition to the field surveys, a risk inventory was performed by searching available 
scientific literature and reviewing the current body of knowledge on the distribution, 
invasion biology and environmental impacts of B. chinensis. A risk inventory is a 
comprehensive process of data and information collection comprising a straight-
forward accounting of everything involved in the risk assessment of interest. Literature 
data and information were collected on the life history traits (e.g., reproduction, 
dispersal and physiological tolerances), habitat, and on the ecological, socio-economic 
and public health impacts of B. chinensis. An additional search was performed 
to retrieve websites selling B. chinensis. Literature was searched using the Web of 
Science, Google Scholar and Google entering official and unofficial scientific species 
names (see Appendix: Table S3 for a detailed description of the search strategy and 
results).
2.2.3. Risk classification using the Harmonia+ protocol
The internet-based Harmonia+ protocol was used as it incorporates environmental 
risks, impacts on human infrastructure, impact on ecosystem services and effects of 
climate change on risks (D’Hondt et al. 2015, Vanderhoeven et al. 2015). Moreover, 
this new version of the protocol was regarded as compliant with criteria of the EU 
regulation for risk assessments for listing IAS of EU concern (European Commission 
2014). The protocol consists of 41 questions grouped in six categories: context, 
introduction, establishment, spread, impacts and future effect of climate change 
(Appendix: Table S4). The impact categories concern: 1) environment, 2) plant 
cultivation, 3) domesticated animals, 4) public health, 5) human infrastructure, and 6) 
ecosystem services. A risk score and level of confidence (certainty score; Table 2.1) 
were assigned to each question. Depending on the question, different qualitative and 
quantitative scoring scales were applied, limiting comparisons between risk scores 
associated with different questions. Therefore, risk scores were standardised as low, 
medium and high according to Table 2.2. The Harmonia+ risk classification was based 
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on the invasion score and the impact score. The invasion score was derived through 
calculating the geometric mean of the introduction, establishment and spread risk 
scores. The combined maximum impact of B. chinensis of the different subgroups was 
used as the impact score. For further details regarding the Harmonia+ protocol see 
D’Hondt et al. (2015). The Harmonia+ assessment was carried out and discussed by the 
authors during a workshop until consensus was reached.
TABLE 2.1  Cut-off values for levels of certainty used for the risk classifi cation of 
Bellamya chinensis using the Harmonia+ protocol (cut-off values were adopted from 
Schiphouwer et al. 2017).
Colour code 
certainty
Certainty: classifi cation Certainty: quantitative score ranges
Low < 0.33
Medium 0.33 ≤ CS ≤ 0.66
High > 0.66
TABLE 2.2  Cut-off values for risk scores used for the risk classifi cation of Bellamya 
chinensis using the Harmonia+ protocol (cut-off values were adopted from 
Schiphouwer et al. 2017).
Colour code 
risk
Risk: 
classifi cation
Risk: qualitative scores Risk: quantitative score 
ranges
  Low
Inapplicable, no/very 
low, very low, low, 
neutral, no change
< 0.33
  Medium
Medium, moderately 
negative
0.33 ≤ RS ≤ 0.66
  High High, optimal > 0.66
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FIGURE 2.2  A) Relationship between the shell length and width of living and dead 
Bellamya chinensis (n = 49) collected at the Eijsder Beemden site in the Netherlands, 
B) relationship between shell length and body wet weight (solid red circles; n = 9) 
and shell length and body dry weight excluding the shell (open red circles; n = 9) for 
Eijsder Beemden B. chinensis snails that were living when sampled, and C) frequency 
distribution of all B. chinensis individuals (blue, n = 49) and live snails (red, n = 9) found 
in the Eijsder Beemden.Table 2.3: Abiotic habitat conditions of Bellamya chinensis in 
its native range (Taiwan) and introduced areas (North America and the Netherlands).
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2.3 RESULTS
2.3.1. Field sampling
Currently, B. chinensis has been recorded at twelve sites in the Netherlands (Figure 
2.1A; Appendix: Table S1). The species was first identified at the Eijsder Beemden site 
(indicated by an arrow in Figure 2.1A) in 2007, in a small floodplain lake of the river 
Meuse (Location 1; Figure 2.1B). In 2010 the species was recorded at Location 3 (Figure 
2.1B) During the field survey in 2016, the species was recorded at Location 5, 0.62 
kilometres from the initial Location 3 in this floodplain lake (Figure 2.1B), suggesting 
a natural dispersal rate of 0.1 km.yr-1. B. chinensis occurred in the Eijsder Beemden 
on muddy bottom sediment (substrates) and small boulders. B. chinensis habitat was 
characterized during the sampling period by temperatures ranging from 19.0 to 21.4 
°C, flow rates of 3 to a maximum of 8 cm.s-1, conductivity ranging from 140 to 437 
µs.cm-1 and salinity ranging from 0.1 to 0.2 ppt (Table 2.3).
The average density of B. chinensis ± SD in the Eijsder Beemden (Location 1; Figure 
2.1B) was 0.33 ± 0.52 individuals.m-2 (range: 0–2 individuals.m-2). Compared to reported 
habitat densities in other introduced areas, the density in the Eijsder Beemden was low 
TABLE 2.3  Abiotic habitat conditions of Bellamya chinensis in its native range (Taiwan) 
and introduced areas (North America and the Netherlands).
Parameter Introduced area Native range
United States 
of America
The 
Netherlands
Taiwan
pH 6.5–8.4a NA 4.0–9.0d
Conductivity (µs.cm-1) 63.0–400a 140–437c < 30–> 195d
Calcium concentration (ppm) 5.0–97a NA < 2–> 20 d
Magnesium concentration (ppm) 13–31a NA NA
Sodium concentration (ppm) 2.0–49a NA NA
Oxygen concentration (ppm) 7.0–11a NA NA
Water temperature (oC) 0.0–30b 19.0–21.4c NA
Salinity (ppt) NA 0.1–0.2c NA
Flow rate (m.s-1) NA 0.03 -0.08c NA
a: Jokinen (1982); b: Karatayev et al. (2009a); c: this study; d: Chiu et al. (2002); 
NA: not available.
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(Table 2.4). Population size in the single pool surrounding Location 1 in the Eijsder 
Beemden (Location 1; Figure 2.1B) was estimated to be about 6600 individuals (Table 
2.4). 
In total 40 empty shells without operculum and 9 living individuals were collected at 
the Eijsder Beemden. The length/width relation of all collected B. chinensis was linear 
(F-value = 447; p-value = < 0.001, R2 = 0.90; Figure 2.2A). For the living individuals a 
linear relationship was found between length and wet weight of the snail including 
their shell inclusive of operculum (F-value = 1012; p-value = < 0.001, R2 = 0.99) and 
dry weight of the body excluding the shell (F-value = 95.7; p-value = < 0.001, R2 = 
0.93; Figure 2.2B). The size frequency distribution was constructed using all collected 
individuals, living or dead (Figure 2.2C). All living individuals were found to be female 
and had on average 35.2 (SD = 29.1; range: 1–81) developing young.
TABLE 2.4  Estimated densities and population size of Bellamya chinensis at locations 
in its native range (Japan) and introduced areas (North America and the Netherlands).
Location Density 
(individuals.m-2)
Number of 
individuals in 
water body (total 
surface area)
Reference
Introduced area      
Wild Plum Lake, 
Nebraska, USA
2.62–3.92
169,400–253,570 
(6.47 ha)
Chaine et al. 
(2012)
Long Island, 
New York, USA
0.01–0.07 150–970 (1.46 ha) McCann (2014)
Kidd Springs, Dallas, 
Tarrant County, USA
100 NA
Karatayev et al. 
(2009a)
Otter Lake, Wisconsin, 
USA
38 NA
Solomon et al. 
(2010)
‘s-Gravenzande, 
The Netherlands
< 0.5 NA Soes et al. (2011)
Eijsder Beemden, 
The Netherlands
0.33 6600 (2.00 ha) This study
Native range      
Paddy fi elds, 
Takashima, Japan
0.25–30 NA
Nakanishi et al. 
(2014)
NA: not available.
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2.3.2. Risk inventory
2.3.2.1. Species description
B. chinensis can reach up to 70 mm in length and its lifespan ranges from four to five 
years (Jokinen 1982, Kroiss 2005, Prezant et al. 2006, Soes et al. 2011, Global Invasive 
Species Database 2011). This species is a facultative detritivore that filter-feeds and 
grazes on epiphytic diatoms, periphyton, and detritus (Cui et al. 2012, Olden et al. 
2013). It mostly occurs on sandy to muddy substrates in standing and slowly flowing 
waters (Jokinen 1982, McCann 2014, Soes et al. 2016). Adults are often found on 
lake bottoms or partially buried in mud or silt, juveniles are often found in crevices 
under rocks (Prezant et al. 2006). Male and female sexes are present. Males can be 
recognized by one shorter tentacle which functions as a penis (Global Invasive Species 
Database 2011). B. chinensis is viviparous and gives birth to fully grown living young 
(Jokinen 1982, Stephen et al. 2013). This species is possibly able to reproduce via 
parthenogenesis since this is a known reproduction strategy for species of Viviparidae 
(Johnson 1992, Claudi and Leach 2000). Release of the young takes place between 
June and October (late spring to autumn), hereafter snails migrate to deeper waters 
for the winter season (Jokinen 1982). Reproduction is possible for females in their first 
year, is continuous throughout their entire life span and fecundity increases with body 
size (Stephen et al. 2013). The fecundity of a population in Wild Plum Lake (southeast 
Nebraska, USA) was estimated to average between 27.2 and 33.3 young per female 
per year (Stephen et al. 2013).
2.3.2.2. Ecological effects
Several ecological effects, both positive and negative, relating to B. chinensis have 
been reported. Snail species have a competitive advantage at a low trematode infection 
rate, as trematode infection lowers reproduction and survival. In its Asian native range 
it is often infected by trematode species (Bury et al. 2007), whereas in North America, 
B. chinensis infection by trematodes is rare (Harried et al. 2015) so it may experience 
a competitive advantage compared to native species. Experimental exposure of B. 
chinensis to the trematode Sphaeridiotrema pseudoglobulus (McLaughlin et al. 1993) 
resulted in a significantly lower infection level compared to Physa gyrina (Say, 1821) and 
Bithynia tentaculata (Linnaeus, 1758), two snail species that co-occur with B. chinensis 
(Harried et al. 2015). When the infection rate increases, parasites may be transmitted 
from B. chinensis to predatory birds and mammals (Chao et al. 1993).
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B. chinensis negatively affects the occurrence of some native snail species in North 
America (Solomon et al. 2010). In a mesocosm experiment, the abundance of Lymnaea 
stagnalis (Linnaeus, 1758) decreased by 32% after the addition of B. chinensis (Johnson 
et al. 2009). Following the addition of rusty crayfish, Orconectes rusticus (Girard, 1852), 
to the mesocosm the abundance of L. stagnalis decreased by 100% (Johnson et 
al. 2009). O. rusticus also reduced the abundance of B. chinensis, though the total 
biomass of B. chinensis was not altered (Johnson et al. 2009). B. chinensis can serve 
as a food source for predators. In mesocosm experiments performed in Washington 
State (USA), the native crayfish Pacifastacus leniusculus (Dana, 1852) consumed more B. 
chinensis compared to the alien crayfish species Procambarus clarkii (Girard, 1852) and 
Orconectes virilis (Hagen, 1870) (Olden et al. 2009). All three of these crayfish species 
TABLE 2.5  Risk classifi cation of Bellamya chinensis in the Netherlands and the certainty 
of the risk scores calculated according to the Harmonia+ protocol (risk classifi cation 
and colour coding are explained in Table 2.1). The detailed risk assessment can be 
found in Appendix: Table S4.
Risk category
Risk 
classifi cation
Risk 
score
Certainty
Certainty 
score3
Introduction1 High 1.00 High 0.67
Establishment1 High 1.00 High 1.00
Spread1 Medium 0.50 Medium 0.50
Impacts: environment targets1 Medium 0.50 Medium 0.50
Impacts: plant targets1 Low 0.00 High 1.00
Impacts: animal targets1 Low 0.00 Low 0.33
Impacts: human health1 Low 0.25 Low 0.33
Impacts: other targets1 Low 0.00 High 1.00
Invasion score2 High 0.79    
Impact score Medium 0.50    
Risk score (invasion x impact) Medium 0.40    
1: maximum risk score for each risk category; 2: the geometric mean of the introduction, 
establishment and spread scores; 3: arithmetic mean of each category.
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have been introduced to the Rhine and Meuse river basins (Kouba et al. 2014). Due to 
its thick shell, however, B. chinensis is better protected from crayfish attacks compared 
to native thin-shelled snail species (Johnson et al. 2009). Predation by waterfowl and 
rodents on adult and juvenile snails has been observed (Soes et al. 2016).
The filtration rate of B. chinensis is comparable to several highly invasive freshwater 
bivalves, such as Dreissena polymorpha (Pallas, 1771), Dreissena rostriformis bugensis 
Andrusov, 1897 and Limnoperna fortunei (Dunker, 1857) (Olden et al. 2013). This high 
filtration rate can give B. chinensis a competitive advantage. The microbial community 
alters slightly when B. chinensis is present, probably due to the snail’s excretion 
products and feeding behaviour (Olden et al. 2013). This alteration can change the 
composition, and decrease the variability, of the microbial community. Additionally, 
the N:P ratio of a system may increase if B. chinensis is introduced, possibly due to the 
low P excretion of this species compared to native snails in North America (Johnson 
et al. 2009). Changes in N:P ratio can significantly affect algal community structure in 
natural systems.
2.3.2.3. Socio-economic effects
The availability of B. chinensis on the Chinese food market and their culture as 
“escargot” by some American entrepreneurs exerts a positive influence on economy 
(Claudi and Leach 2000). The internet search yielded one website selling Chinese 
mystery snails in the USA. However, B. chinensis may clog water intake pipes which 
subsequently have to be cleaned (Kipp et al. 2016). At high densities, fishing nets 
can become clogged with B. chinensis shells reducing the catch of fisherman (Global 
Invasive Species Database 2011). Additionally, high densities can result in shores 
covered with dead or decaying snails and shells, which can be a nuisance (Bury et 
al. 2007). We observed numerous decaying dead individuals along the shores at the 
Eijsder Beemden site. Since this area is a popular recreational area during summer, an 
increase in B. chinensis density may cause a decline in recreational value. 
2.3.2.4. Public health effects
In its native range, B. chinensis is an intermediate host for the trematode Echinostoma 
gotoi Ando and Ozaki, 1923 that can infect humans (Chao et al. 1993). Infection 
occurs when raw or under cooked snails are consumed (Graczyk and Fried 1998). 
Once infected, echinostomiasis can develop which can result in diarrhoea, abdominal 
pain and anorexia (Graczyk and Fried 1998), however, a treatment for this infectious 
disease is available (Chen 1991). Despite B. chinensis being an important source for 
transmission of endemic infection diseases in Taiwan (Chen 1991), so far no infections 
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have been reported for the USA (Bury et al. 2007), though, there are several recipes 
available on websites that use B. chinensis as a food ingredient (Invasivore.org 2011, 
JCC 2012), increasing the chance of infections. To prevent infections, the recipes stress 
the importance of thoroughly cooking the snails before consumption (Invasivore.org 
2011).
2.3.3. Risk classification using the Harmonia+ protocol
Natural dispersion capability was scored as low, due to the low dispersal rate observed 
at the Eijsder Beemden. Since the first observation of B. chinensis nine years ago, this 
species has been reported at twelve locations, showing that potentially more than 
10 introductions can occur in a decade, resulting in a high risk score for intentional 
introductions. B. chinensis tolerates a wide range of climatic and physical conditions 
and has already established viable populations in the Netherlands. Therefore, the risk of 
establishment was scored as high. The risk of natural spread of B. chinensis was scored 
as low due to the low dispersal rate calculated from records from Eijsder Beemden 
(< 1 km.yr-1). Since records of new locations with viable populations of B. chinensis in 
the Netherlands are increasing, the risk of dispersal by human action was scored as 
medium. The impacts on plant targets or animal targets were scored inapplicable and 
very low, respectively. Impacts on environmental targets relate to B. chinensis’ host 
function for parasites (Chao et al. 1993, Harried et al. 2015), competition with other 
species (Johnson et al. 2009, Solomon et al. 2010, Olden et al. 2013) and effects on 
biotic and abiotic conditions (Johnson et al. 2009, Olden et al. 2013). Since the severity 
of impact is unclear, a medium risk score was assigned. Human target impact was 
scored as low since no transmissions of infectious diseases have been reported from 
North America (Bury et al. 2007), although B. chinensis is known to be an important 
source of endemic infectious diseases in Asia (Chen 1991). The overall invasion risk of 
this species was classified as high (Table 2.5; Appendix: Table S4). The environmental 
impact of B. chinensis was classified as medium, resulting in an overall risk score of 
medium (Table 2.5).
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2.4 DISCUSSION
The risk inventory resulted in an overview of all available information concerning the 
entry, establishment, spread and potential impacts of B. chinensis in the Netherlands. 
Currently, B. chinensis has been established at several locations in the Rhine and 
Meuse river basins in the Netherlands (e.g., Appendix: Table S1 and S2). Recently, 
the species has been also recorded in Belgium (Van den Neucker et al. 2017). The 
presence of several active introduction pathways and dispersal vectors increases the 
likelihood of new introductions and secondary spread of B. chinensis in Europe. The 
species may experience a competitive advantage compared to native species due 
to the lower infection rate by parasites, higher filtration rate and lower predation. 
However, the ecological risks associated with extremely high population densities 
are largely unknown (Bury et al. 2007). Moreover, information on animal and human 
impacts remains scarce. Therefore, future research should focus on gaining data and 
mechanistic understanding of the species’ dispersal processes, ecosystem alterations 
and impacts on human health and domesticated animals.
The risk assessment using the Harmonia+ protocol resulted in a high risk score for 
intentional introductions. The risk of establishment is high as B. chinensis tolerates a 
wide range of climatic and physical conditions. Assessment by the authors resulted 
in a high invasion score and a medium impact score, yielding an overall risk score 
of medium. Due to data deficiency, this medium risk score should be considered 
preliminary and must be applied with caution. Re-evaluation of the risk scores of 
B. chinensis is recommended when more data become available. According to the 
New York invasiveness assessment B. chinensis received a very high invasiveness rank 
(Adams and Schwartzberg 2013). B. chinensis scored 83 out of 100 points, based on 
four risk categories, i.e., 1) the ecological impact, 2) biological characteristics and 
dispersal ability, 3) ecological amplitude and distribution, and 4) difficulty of control. 
However, comparisons between the Harmonia+ protocol and the New York invasiveness 
assessment are problematic as different risk categories are applied in each. Inherent 
differences in risk scores produced by various risk assessment protocols can be 
explained by differences in cut-off values and criteria for risk categories, assessor 
variability and context dependency (Verbrugge et al. 2012b).
Risk assessments for newly introduced alien species are often difficult to complete 
as a lot of data and information is required to perform scientifically sound risk 
assessments. Often this data and information requirement is not met for a newly 
introduced alien species. When enough data and information becomes available, 
it is often too late to counteract the effects of, or eradicate the introduced species. 
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Extensive data requirements are complicated by the need for rapid action to 
prevent the spread and impacts of invasive species, the need for public and political 
support, and the need to justify the allocation of financial budgets. These conflicting 
requirements pose an important dilemma in the management of biological invasions. 
The Harmonia+ protocol requires assessments of confidence level of the assigned risk 
scores. This allows assessors to perform risk assessments with limited data enabling a 
timely response when the confidence level is regarded as sufficient, or to undertake 
additional field surveys, experimental studies or modelling approaches to reduce 
major uncertainties.
The scattered and increasing nature of B. chinensis records and the low natural 
spread of this species (< 1 km.yr-1) suggest that records are the result of new introduction 
events. The increase in recorded locations can also be related to the increased 
awareness of the presence of a new alien viviparid species in the Netherlands. B. 
chinensis continues to expand its spatial distribution at the Eijsder Beemden location. 
Here, the species has colonized a floodplain lake that is permanently connected to 
the river Meuse. In the event that B. chinensis is able to colonize the main stream of 
the river, it can be expected that the downstream dispersal rate strongly increases due 
to water flow and shipping vectors, as has been shown for many other alien mollusc 
species after their initial colonization of the Rhine and Meuse river basins (e.g., Leuven 
et al. 2009, Marescaux et al. 2012, Matthews et al. 2014).
The densities of B. chinensis were determined in the shallow parts of the floodplain 
lake in the Eijsder Beemden (up to a depth of 1.5 m). The species is known to colonize 
deeper water (Jokinen 1982). However, no surveys were made in the deeper parts of 
Eijsder Beemden. Therefore, a determination of density could not be made for these 
deeper portions. The size distribution of the B. chinensis population in the Eijsder 
Beemden was skewed towards larger individuals. It is likely that juveniles were missed 
during sampling as they normally hide in crevices between rocks or bury themselves in 
the sediment (Prezant et al. 2006). In the future an effort has to be made to characterize 
the (potential) environmental conditions required for the establishment of viable 
populations of B. chinensis in Europe as this will allow habitat suitability predictions of 
non-colonized ecosystems and the delineation of endangered areas. The temperature 
and conductivity of B. chinensis habitat in the Eijsder Beemden were in the range of 
suitable conditions reported for its native habitat (Taiwan) and other introduced regions 
(USA). The density of snails found at the Eijsder Beemden location was low compared 
to the highest reported density in other invaded regions (100 individuals.m-2; USA, 
Karatayev et al. 2009a). In the Japanese native range of B. chinensis, densities in rice 
paddy fields ranged from 0.25 to 30 individuals.m-2 (Nakanishi et al. 2014).
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Owing to a high introduction and establishment risk of B. chinensis, it is important 
to prevent further spread of this species in Europe. The greatest risk for dispersal of 
B. chinensis results from human-mediated activities as our field study indicated that 
the current dispersal rate of B. chinensis is low. The aquarium trade is an especially 
important pathway for B. chinensis and many other aquatic invasive species (Padilla and 
Williams 2004, Karatayev et al. 2009a, Strecker et al. 2011, Soes et al. 2016, Matthews et 
al. 2017). The species was sold at a garden centre in the Netherlands and found for sale 
online from one website in the USA. Better regulation of the international aquarium 
trade and public education to prevent deliberate and unintentional release into nature 
by hobbyists and other users is necessary to combat this important introduction 
pathway (Verbrugge et al. 2014). Legislative regulation has been implemented in 
order to prevent the introduction and spread of invasive species (e.g., USA: Clean 
Boating Act 2008). Teaching people to drain, clean, dry and check their boats, trailer 
and equipment could prevent overland transport of B. chinensis via recreational boats 
(Havel 2011). An additional control measure to prevent upstream spread of B. chinensis 
may be the application of culverts with high flow velocities as B. chinensis is dislodged 
and flushed away at speeds near 4.5 m.s-1 (Rivera 2008). High flow culverts, or other 
means of accelerating water current, can probably be used to prevent the upstream 
dispersal of B. chinensis populations at sites with interconnected lakes or water ways. 
However, these measures can also have negative impacts on non-target species.
Several eradication and control measures for established populations of B. chinensis 
have recently been assessed. Laboratory experiments on the effect of chemical 
treatments with rotenone and copper sulphate turned out to be ineffective, likely due 
to their large size, thick shell and operculum (Haak et al. 2014). The application of 
copper sulphate in Oregon (USA) by the Oregon Department of Fish and Wildlife 
did not result in eradication of the entire population (Freeman 2010), although this 
treatment decreased snail density and thus could serve as a population control 
measure. However, the use of copper sulphate and rotenone in aquatic ecosystems 
is prohibited in the Netherlands (EU monitor 2017, CTGB 2017). For application of 
copper sulphate and rotenone in aquatic ecosystems in the Netherlands an exemption 
from the Dutch law on crop protection and biocides is required (De Hoop et al. 2015). 
Experimental drawdowns resulting in air exposure of B. chinensis have proven to be an 
ineffective control measure as this species can withstand long periods of desiccation 
by closing its operculum and its burrowing behaviour (Havel 2011, Unstad et al. 2013, 
Havel et al. 2014). In Missouri (USA) manual removal was performed using volunteer 
snorkelers and scuba divers (Hanstein 2012), resulting in the removal of a large amount 
of mainly adult snails. As the juveniles are small and hide in crevices between rocks or 
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bury themselves in sediment, full eradication by manual removal is not possible and 
recurrent removal will be required.
Considering the high invasion risk of B. chinensis, its limited capacity for secondary 
spread and low number of colonized water systems in the Netherlands, rapid eradication 
and containment measures by competent authorities may still be considered. This 
also applies in case the species is recorded during early detection activities or 
regular monitoring else-where in Europe. Early detection and rapid eradication and 
containment on a European level is recommended, especially since the species has 
recently been recorded in Belgium (Van den Neucker et al. 2017). This highlights the 
need for an allocated budget at a national or international scale to fund rapid actions. 
If eradication becomes too expensive or impractical due to high abundance and 
recurrent removal actions, it is important to monitor the spread and establishment of B. 
chinensis. It is also relevant to study whether dispersal of this species is facilitated by high 
river discharge conditions and inundation of floodplains. To prevent new introductions 
and secondary spread it is vital to increase the awareness of consumers, aquarium 
hobbyists, water gardeners, recreational boaters and recreational fishermen of the risk 
that the species poses and the way that it is introduced and spread. Additionally, a 
national or EU ban on the trade in living B. chinensis and replacement by harmless 
species to reduce the socio-economic impact of this measure can be considered in 
order to limit new introductions. The currently available eradication and containment 
measures did not result in full eradication of the species, thus there is a need to 
undertake research to identify cost-effective management measures. As B. chinensis 
is currently present in the Netherlands in close proximity to other EU member states 
(i.e., Belgium and Germany), regional cooperation should be stimulated to perform 
early detection protocols and to prevent further spread. Furthermore, an extensive 
risk assessment on introduction, potential spread, establishment and impacts of the 
species in the entire EU is recommended. Such an assessment requires additional 
data, field surveys and monitoring and subsequently an analysis of cost-effectiveness 
of available measures for prevention, eradication, population control, containment 
and mitigation of impacts. When deemed potentially invasive for several EU member 
states, B. chinensis may be considered for listing as an IAS of Union concern.
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APPENDIX 
TABLE S1  Overview of all Bellamya chinensis populations in the Netherlands.
Location Type of 
water
Latitude Longitude Date Current 
population
Observer Source
Eijsder Beemden
Floodplain 
ponds 50,7931 5,6970
11-3-
2007
living 
adults and 
juveniles J. Piters Piters 2007
Amsterdam Ditch 52,2949 4,9833
7-8-
2008
living adult A. Klink
Soes et al. 2016
 ‘s-Gravenzande Ditch 52,0144 4,1731
2-11-
2009
living 
adults and 
juveniles
S. 
Vlaardingerbroek Soes et al. 2010
Vinkeveen Ditch 52,2120 4,9362
28-6-
2010 living adults W. Teunissen Soes et al. 2010
Maasbree Stream 51,3581 6,0193
5-7-
2010
living 
adults and 
juveniles A. Klink Soes et al. 2016
Boven Hardinxveld
Polder 
water 51,8216 4,8941 2012 living adults A. Blokland Soes et al. 2016
Giesen-Oudekerk River 51,8394 4,8648 2013 living adults A. Blokland Soes et al. 2016
Leidschendam Lake 52,1032 4,4344
25-10-
2013 empty shell R. Geling Waarneming.nl
Neder-Hardinxveld River 51,8307 4,8383
16-7-
2014 living adult D.M. Soes Soes et al. 2016
Zutphen Stream 52,1001 6,2197
14-11-
2014 living adults M. Klemann Soes et al. 2016
Wessem Stream 51,1625 5,8782
14-10-
2015 living adult E. Binnendijk Soes et al. 2016
Vorden Channel 52,0960 6,2610
25-9-
2016 living adult M. Klemann Waarneming.nl
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TABLE S3  Overview of literature search strategy to acquire relevant scientifi c information 
regarding the invasion biology and environmental risks of Bellamya chinensis.
Search date Search term Search engine Number of hits
20-4-2015 Bellamya chinensis Web of Science 13
21-4-2015 Cipangopaludina chinensis Web of Science 31
21-4-2015 Chinese mystery snail Web of Science 13
21-4-2015 Bellamya chinensis Google scholar 374*
21-4-2015 Cipangopaludina chinensis Google scholar 628*
21-4-2015 Chinese mystery snail Google scholar approx. 6050*
21-4-2015 Chinese mystery snail Google approx. 407000**
30-1-2017 Chinese mystery snail for sale Google approx. 865000**
30-1-2017 “Chinese mystery snail” for sale Google approx. 3270**
30-1-2017 “Bellamya chinensis” for sale Google approx. 2310**
TABLE S2  Overview of monitored locations within the Eijsder Beemden in the Netherlands.
Location Latitude Longitude Current population Observer
Location 1 50,7931 5,6973 living adults All authors
Location 2 50,7910 5,6978 absent All authors
Location 3 50,7957 5,6972 living adults All authors
Location 4 50,7999 5,6957 living adults All authors
Location 5 50,8013 5,6958 living adult F.P.L. Collas
Location 6 50,8207 5,7030 absent All authors
Location 7 50,8136 5,7063 absent All authors
Location 8 50,8001 5,6986 absent F.P.L. Collas
Location 9 50,7980 5,6986 living adults F.P.L. Collas
Location 10 50,7963 5,6991 living adults F.P.L. Collas
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ABSTRACT
Introductions of the invasive zebra mussel (Dreissena polymorpha) and quagga 
mussel (Dreissena rostriformis bugensis) into hydrologically isolated water bodies 
have been attributed to overland transport via (recreational) boat hulls. Before a 
boat becomes a successful vector, mussels must (1) attach to the hull, (2) survive 
air exposure during overland transport and (3) establish a viable population either 
after detachment or release of spat during launching or sailing. This study mimics 
these dispersal barriers and assesses the potential of boat hull-mediated release 
into a recipient environment for both species. Individuals were allowed to attach 
to aluminium and fibreglass plates. Hereafter, attached individuals were exposed 
to air and subsequently submerged again. Zebra mussels had a significantly higher 
attachment rate than quagga mussels. The percentage of attached dreissenid 
mussels that detached alive during rewetting ranged between 7.9 and 21.8%. No 
significant difference was found between species and hull materials. However, 
alive detachment during rewetting was significantly higher after 24 h compared 
to 48 h of air exposure. Our data allow modelling introduction pressure of lakes 
if quantitative data on overland boat movement and the density of attached 
mussels are available.
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3.1 INTRODUCTION
The zebra mussel Dreissena polymorpha (Pallas, 1771) and quagga mussel Dreissena 
rostriformis bugensis Andrusov 1897 have successfully invaded and continue to spread 
in both Western Europe and North America, making it important to assess their vectors 
for spread. These mussels are able to attach to several other organisms and various 
types of substrate by producing byssal threads (Grutters et al. 2012). Biofouling by 
dreissenids threatens native mollusc species and causes negative economic effects 
(Pimentel et al. 2005, Karatayev et al. 2007, Ward and Ricciardi 2007, Oreska and 
Aldridge 2011, Burlakova et al. 2014). Dispersal of dreissenids can be attributed to a 
wide range of vectors (Matthews et al. 2014). These vectors enable continued spread in 
an already colonized river basin as well as long-distance dispersal, including overland 
transport to isolated water bodies by water craft. In the case of the latter, recreational 
boats are among the main vectors (Buchan and Padilla 1999, De Ventura et al. 2016). 
Several authors report introductions due to ballast water exchange (Johnson and 
Carlton 1996) and secondary spread due to discharge of water contained in boats 
(Johnson and Carlton 1996), macrophytes attached to anchors, propellers or boat 
trailers (Johnson and Carlton 1996; Johnson et al. 2001) or boat hulls (Minchin et al. 
2003, Pollux et al. 2003).
Various dispersal barriers have to be crossed for successful overland transport via 
recreational boating. Mussels must be able (1) to attach to the boat hull (or other 
submerged parts such as an anchor, outboard motor or trailer), (2) to survive air 
exposure and prevent desiccation during overland transport and (3) establish a viable 
population either after detachment or release of spat during launching or sailing. 
The zebra and quagga mussel attach to a wide variety of materials (Ackerman et al. 
1992, 1995, Marsden and Lansky 2000, Kobak 2004, Mueting et al. 2010), including 
commonly used materials for the construction of boat hulls such as aluminium and 
fibreglass (Marsden and Lansky 2000, Mueting et al. 2010, De Ventura et al. 2016).
During overland transport zebra and quagga mussels can either detach or stay 
attached. Both species are capable of surviving several days of air exposure (McMahon 
et al. 1993, Ricciardi et al. 1995, Ussery and McMahon 1995; Tucker et al. 1997, Paukstis 
et al. 1999, Collas et al. 2014). Survival depends on the air temperature and relative 
humidity (Ricciardi et al. 1995).
After the overland transport mussels have to detach from the boat hull and reproduce 
in order to establish a viable population at the newly introduced site. Moreover, 
individuals that remain attached to a boat can potentially reproduce increasing the 
probability of establishing a viable population, though the boat has to remain in the 
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same water for a prolonged period. Currently, information on the detachment rate 
after air exposure during overland transport is lacking. Numerous articles assess the 
detachment force needed to sever the byssal threads formed between dreissenids 
and substrates (Ackerman et al. 1992, 1995, Kobak and Kakareko 2009, Peyer et al. 
2009, Kobak et al. 2010) or natural dreissenid detachment and movement (Kobak 2001, 
Kobak et al. 2009). However, these studies do not consider the effect of preceding air 
exposure. The detachment force varies among substrates and depends on mussel size 
and species (Ackerman et al. 1992, 1995, Kobak and Karareko 2009, Kobak et al. 2010). 
Quagga mussels detach at a lower force than zebra mussels (Peyer et al. 2009).
Despite available information on several processes involved in boat hull dispersal 
pathways, quantitative data on assessments of the magnitude of zebra, and quagga 
mussel releases are scarce. This data is, however, essential for predicting dispersal 
probability considering the continuous range expansion of both dreissenid species in 
Europe and North America. We hypothesize that hull material and overland transport 
duration affects the magnitude of release into a recipient environment. Therefore, this 
study aims to assess (1) the attachment of adult mussels to two common types of boat 
hull material (fibreglass and aluminium) and (2) the effect of air exposure duration on 
alive detachment of dreissenids during rewetting.
3.2 MATERIALS AND METHODS
3.2.1 Mussel collection
Quagga and zebra mussels were collected in the Black Rock Canal at Squaw Island in 
Buffalo, NY (42°54′46.5″N, 78°54′09.2″W). Only individuals with a length between 10 
and 20 mm were used. All specimens were maintained for a maximum of 21 days in 
flow through aquaria filled with Black Rock Canal water at the Field Station laboratory 
of the Great Lakes Center SUNY Buffalo State, Buffalo (USA, NY).
3.2.2. Experimental set-up
Two experiments were performed to mimic potential boat hull-mediated dispersal 
pathways of dreissenids (Figure 3.1):
1. Attachment of mussels to common boat hull materials;
2. Alive detachment during rewetting after air exposure.
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1) Attachment experiment
Mussels were allowed to attach to either aluminium or fibreglass plates of 12.5 × 
20.0 cm. Plates were placed in a double zinc-coated galvanized steel frame (mesh 
size: 6.2 mm) with twenty-one evenly spaced cages on top of each plate (Figure 3.2). 
Subsequently, at the start of the experiment, one mussel was placed inside each cage 
with its ventral side faced towards the substrate to stimulate attachment. The mussels 
were positioned within the cage leaning to the cage itself to aid with positioning 
their ventral side towards the substrate. After initial placement, individuals were not 
repositioned and left alone. Quagga mussel attachment experiments were performed 
with twenty-one individuals per plate, resulting in 1008 individuals for all 48 plates. 
Due to limited availability of zebra mussels, ten individuals of this species were used 
per plate, resulting in 480 individuals on 48 plates. Hereafter, one random aluminium 
and one random fibreglass plate with frames were placed at the bottom of a random 
aquarium, 48 in total. Aquaria were then filled with temperature-controlled water of the 
Black Rock Canal via a flow through system (>10 l h−1). A seven-day attachment period 
was used since after this period attachment strength of dreissenid mussels does not 
further increase (Kobak 2013). During this period, plates were not cleaned resulting 
in the development of a biofilm that facilitates attachment (Kavouras and Maki 2003). 
The water temperature during the seven-day attachment period ranged between 20.8 
and 21.2°C. After seven days, the mesh and water were removed. Individuals were 
considered attached if they remained attached after the plate was turned upside 
down. All individuals that did not attach to a plate were removed.
B) Clean boat Boat seven days in water
Overland transport for 24 or 
48 hours
Launching in uninfested 
waters
A) Unfouled boat Fouled boat Overland transport Boat launched into new water
C) Attachment:                       fraction
Air exposure: mortality                
detachment
Rewetting:                         
alive detachment        
FIGURE 3.1  Schematic overview of A) The general recreational boat hull mediated dreissenid 
mussel introduction pathway, B) The experiment set-up mimicked dispersal conditions without 
boat cleaning and C) Factors determining the probability of mussel introductions via boat hulls. 
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2) Rewetting after air exposure
The plates acquired from the attachment experiment were subsequently exposed to air 
for a certain period. Subsequently, an assessment was made of alive detachment after 
rewetting (Figure 3.1). Overall 36 different aquaria were used for the experiment. To 
each aquarium at random, either three aluminium plates or three fibreglass plates with 
the same species attached were assigned. Moreover, within each aquarium, the three 
plates were randomly positioned vertically, horizontally and in a 45° angle, resembling 
all different shapes of a boat hull. Since plates of the attachment experiment were used, 
varying individuals were attached to each plate, ranging between three and eighteen 
individuals for quagga and four and ten individuals for zebra mussel colonized plates. 
In total, 498 and 354 individuals were used for quagga and zebra mussels, respectively. 
Plates were exposed to air with a humidity of 82% for 24 or 48 h at 21.2 and 21.4°C, 
respectively. After either 24 or 48 h of air exposure aquaria were rewetted, thereby 
mimicking the launching of a boat into a new water body. At these points in time, 
all plates were immersed in water, ranging in temperature between 22.3 and 22.7°C. 
Finally, all individuals that detached were collected after 24 and 48 h and immersed 
FIGURE 3.2  A photo of a fibreglass and aluminium plate with a frame with cages with dreissenid 
mussels. 
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again in a separate container to ascertain whether the specimen was alive or dead. 
Specimens floating directly after immersion were submerged with tweezers, thereby 
releasing air from the shells. After 24 h of immersion, specimens were classified as dead 
when stimulation of the mantle did not result in shell muscle contraction (Paukstis et al. 
1999). Dead individuals were additionally checked after 48 h of immersion. Individuals 
that remained attached after rewetting were also checked for survival. 
3.2.3. Data analyses
A binomial generalized linear model (GLM) was used to analyse the fixed effect of 
species, air exposure duration and material type on the fraction of (1) attached individuals 
and (2) alive detached individuals during rewetting of the attached individuals. Nesting 
effect of aquarium was not included as all plates were randomly assigned to the aquaria 
throughout both experiments. Moreover, temperature conditions were similar between 
all aquaria throughout the experiment. The analyses were performed using the GLM 
function in R statistics (R Core Team 2008). Due to different experimental conditions, 
analyses were carried out separately per experiment. Model selection was based on 
the lowest Akaike’s information criterion (AIC) value in combination with testing for 
a significant model improvement of which the latter was decisive. Significant model 
improvement was analysed using the difference in deviance between the two models, 
which is Chi-square distributed. Subsequently, the p-value was calculated using the 
difference in deviance and the corresponding degrees of freedom. Models that only 
included main effects were the best performing ones (Table 3.1).
FIGURE 3.3  Fraction of attached individuals quagga and zebra mussels on aluminium and 
fibreglass. The error bars represent the standard deviation for each treatment. 
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3.3 RESULTS
3.3.1. Attachment
The average mussel attachment during the experiment was 49.4 ± 17.4% (SD) and 73.8 
± 14.8% (SD) for the quagga and zebra mussel, respectively. The proportion of zebra 
mussel attachment was significantly higher than quagga mussel attachment (z-value = 
8.80, p-value < 0.001). Additionally, fibreglass attachment was significantly higher than 
aluminium attachment (z-value = 6.00, p-value < 0.001; Figure 3.3).
3.3.2. Alive detachment after rewetting
The individuals attached to plates that survived the air exposure period and detached 
during rewetting were assumed to be released into the recipient environment. The 
fraction of releases into the recipient environment throughout the experiments was 
on average 14.7% and ranged between 7.9 and 21.8% (Figure 3.4). No significant 
effect of material was found (z-value = 0.52, p-value = 0.60). Additionally, no significant 
difference between the quagga and zebra mussel was found (z-value = −0.68, p-value 
= 0.50). However, releases into the recipient environment decreased significantly with 
the increase in air exposure duration (z-value = −3.55, p-value < 0.001). There were no 
significant interactions (Figure 3.4). Of all detached individuals during rewetting on 
average 58 and 66% of quaqqa and zebra mussels were alive, respectively.
 
0
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FIGURE 3.4  Fraction of alive detached individuals of quagga and zebra mussels and the standard 
deviation per treatment. Treatment abbreviations are a combination of material type (Al = 
aluminium; Fg = fibreglass) and overland transport duration (St = 24 hours; Lg = 48 hours). 
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3.4 DISCUSSION
Our results indicate that zebra mussels are more likely to attach to common boat hull 
materials than quagga mussels. The higher byssal thread synthesis rate and attachment 
force of zebra mussels found by Peyer et al. (2009) are a possible explanation for this 
difference in attachment behaviour. However, Grutters et al. (2012) found no difference 
in byssal synthesis between quagga and zebra mussels at temperatures lower than 
25°C. Despite the current dominance of the quagga mussel in the Great Lakes, 
relatively more zebra mussels were found on the hulls of resident boats than quagga 
mussels (Karatayev et al. 2013). These field observations confirm the experimentally 
derived higher attachment fraction of zebra mussels compared to quagga mussels. 
The attachment of mussels in our experiments might be negatively affected by the 
zinc-coated materials. Zinc is a known dreissenid toxin (Kraak et al. 1994, Dormon et al. 
1996). However, a flow through system was used and strong dilution of dissolved zinc 
limited potential impact of this toxic metal.
Previous research on preference of attachment to various materials showed no 
difference in attachment between fibreglass and aluminium for both the quagga 
(Mueting et al. 2010) and zebra mussel (Marsden and Lansky 2000). In our study, both 
species attached more to fibreglass than to aluminium. Mueting et al. (2010) and 
Marsden and Lansky (2000) looked at the attachment preference of larvae, whereas 
in the presented experiment adult individuals were used. Thus, there appears to be 
TABLE 3.1  GLM-results of the attachment experiment and the alive detachment during 
rewetting experiment - dependent variables are species, material and treatment. 
  Source Estimate Std. Error z-value p-value
Attachment fraction Intercept -0.353 0.084 -4.19 < 0.001
Species 1.083 0.123 8.80 < 0.001
Material 0.656 0.109 6.00 < 0.001
  AIC: 427.62        
Alive detached during rewetting Intercept -1.422 0.193 -7.48 < 0.001
Species -0.135 0.200 -0.68 0.498
Treatment -0.711 0.200 -3.55 < 0.001
Material 0.103 0.199 0.52 0.604
  AIC: 122.09        
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an attachment preference difference between adults and larvae for both quagga and 
zebra mussels.
A relatively high percentage of attached individuals survived the air exposure 
and subsequently detached alive after rewetting. These results confirm that boat 
hull-mediated overland dispersal is a potential pathway for dreissenid releases into 
hydrologically isolated water bodies. Since the average proportion of alive detachment 
was 14.7%, the release potential of recreational boats fouled by dreissenids is high. The 
actual release potential is even larger due to the result that 80% of all individuals that 
remained attached during the 48 h of rewetting survived the air exposure. Moreover, 
the used individuals were sexually mature (maturity is reached at 5–12 mm; reviewed 
in Nichols 1996); thus, individuals that remained attached might be able to spawn 
when the boat is left in the water for a considerable amount of time. Their spat may 
subsequently establish viable populations. Therefore, further research on effects of air 
exposure on the release of spat is recommended.
The experiments were performed under ideal laboratory conditions without 
including additional factors that may influence air exposure survival in nature. For 
instance, attached individuals were equally distributed on the plates, whereas under 
natural conditions individuals will likely cluster together. Air exposure survival of 
clustered individuals, during subfreezing temperatures, is higher compared to loosely 
aggregated individuals (McMahon et al. 1993). Moreover, air exposure survival depends 
on temperature, duration and relative humidity (McMahon et al. 1993, Ricciardi et al. 
1995, Tucker et al. 1997, Paukstis et al. 1999, Collas et al. 2014). Thus, the fraction of 
individuals released into a recipient environment will vary with temperature and relative 
humidity conditions. The attachment strength of the experimental mussels might not 
mimic natural attachment strengths, limiting the detachment results. Moreover, during 
overland transport air flow, shaking and vibration of ships may affect the number of 
mussels that attach, survive air exposure and, subsequently, detach during rewetting. 
Especially the launch of a boat into water produces strong mechanical forces that would 
result in a higher dislodgement of loosely attached individuals, increasing the release 
of dreissenids into the recipient environment. Further research is recommended on the 
effect of these factors.
No difference in the percentage of detached mussels that were alive after rewetting 
was found between quagga and zebra mussels. This is likely due to a combination 
of different mechanisms that countervail. Zebra mussels have a higher attachment 
force, measured as the minimum force needed to detach an individual, than quagga 
mussels (Peyer et al. 2009). The higher attachment force of the zebra mussel results in 
a lower probability of detachment compared to the quagga mussel. However, the air 
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exposure tolerance of quagga mussels is lower than that of zebra mussel (Ricciardi et 
al. 1995), thereby decreasing the chance of alive quagga mussel detachment. Of all 
detached individuals during rewetting, more zebra mussels were alive than quagga 
mussels, supporting the difference in air exposure tolerance between the species. The 
importance of air exposure tolerance as the main factor determining alive detachment 
is supported by the significantly lower alive detachment with increasing air exposure 
duration (e.g., overland transport). Although, further research is required on the 
development of attachment force of dreissenids during air exposure and subsequent 
rewetting.
There is increasing evidence that the propagule pressure of alien species aids 
their establishment (Lockwood et al. 2005, Colautti et al. 2006, Simberloff 2009). The 
experimentally derived magnitude of release into a recipient environment can be used 
to estimate the dreissenid propagule pressure of trailered boats. In order to do so, data 
are needed on dreissenid densities on boat hulls. Additionally, information is required 
on the fraction of boats that are fouled in the source water and, as not all boats move to 
uninfested lakes, the fraction of boats that move to uninfested lakes within two days of 
air exposure. If the propagule pressure for a single boat is then multiplied by the total 
amount of boats that moved from the source water, a propagule pressure of trailered 
boats per year from a specific lake can be calculated. Using boating behaviour data from 
Lake St. Clair (on average 96,800 boats per year; Johnson et al. 2001) in combination 
with boat fouling fractions and densities reported by Karatayev et al. (2013), an attempt 
can be made to estimate the propagule pressure of boats departing from Lake St. 
Clair. Usage of the average fraction of alive dreissenid detachment during rewetting, 
14.7%, and the range of 4 up to 3,940 attached dreissenids reported by Karatayev et 
al. (2013) the yearly propagule pressure of the 96,800 boats departing from Lake St. 
Clair ranges between 898 and 884,782 dreissenids. The calculated introductions do not 
take into account that boat hulls are actively cleaned by boat users (Clean Boating Act 
2008), thereby decreasing the propagule pressure. The presented propagule pressure 
of trailered boats is based on several assumptions due to limited data availability on 
boating behaviour. Moreover, the propagule pressure estimation is inherently limited 
to the experimental conditions mimicking release into a recipient environment. 
However, our estimation indicates that it is feasible to calculate the propagule pressure 
of overland transport via boat hulls in case sufficient data is available on the pathway, 
number of vectors and boat fouling by mussels.
The results support that dreissenids can disperse long distances into isolated 
lakes via the boat hull-mediated introduction pathway. This is in accordance with 
the recorded dispersal of zebra mussels via several long-distance jumps (Wilson et 
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al. 1999) and the reported dispersal via recreational boats in Ireland (Minchin et al. 
2003) and Switzerland (De Ventura et al. 2016). The possibility to disperse implies that 
legislative regulation to clean, drain and dry boats (e.g., Clean Boating Act 2008) and 
educational campaigns to stop the spread of dreissenids via boats hulls are important 
management tools to decrease the release of dreissenids into uninfested lakes. 
Moreover, the instalment of cleaning equipment near popular boating areas might be 
important. More quantitative data is needed on boat movement and the density of 
attached individuals to successfully incorporate the estimated number of release into 
recipient environments in invasion risk models.
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ABSTRACT
Within impounded sections of the rivers Rhine and Meuse, epibenthic 
macroinvertebrate communities are impoverished and dominated by non-native 
invasive species such as the zebra mussel (Dreissena polymorpha) and quagga 
mussel (Dreissena rostriformis bugensis). In the winter of 2012 management of 
the water-level resulted in a low-water event in the river Nederrijn, but not in 
the river Meuse. Low-water levels persisted for five days with average daily air 
temperatures ranging from -3.6 to -7.2°C. We assessed the effects of this low-water 
event on settled dreissenid mussel populations using a before-after-control-
impact (BACI) design. Desiccation had a negative effect on the overall density 
of dreissenids. Six months after the water level recovered, mussel density had 
increased slightly. After 18 months, mussel density had recovered to pre-event 
level. Mussels collected after the event were smaller than specimens collected 
before the event, indicating recolonization originating from upstream river 
sections. At the control site, the dreissenid populations showed no significant 
change in density or shell size distribution. In total, 99.4% of empty shells washed 
up and sampled directly after the low-water event consisted of invasive bivalves, 
including zebra mussel, quagga mussel and Asian clams (Corbicula fluminea and 
Corbicula fluminalis). The high number of empty dreissenid shells stranded on the 
river banks directly after the event coincided with a mass mortality of mussels in 
the littoral zone. Imposing a sudden water-level drawdown during severe winter 
conditions could be a tool for the temporary reduction of invasive mollusc density 
in impounded river sections. Full recovery of the population structure likely may 
require a period of two to three years. Therefore, we recommend that the long-
term effects of recurrent water-level drawdowns on the diversity of invasive and 
native species be assessed.
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4.1 INTRODUCTION
Biodiversity has decreased strongly in the rivers Rhine and Meuse due to river regulation 
and environmental deterioration (Nienhuis et al. 2002). In spite of ambitious ecological 
rehabilitation programmes, riverine biodiversity has recovered only partly (Bij de 
Vaate et al. 2006, Leuven et al. 2011). The aquatic macroinvertebrate communities 
in impounded sections in the rivers Rhine and Meuse are still impoverished and 
dominated by non-native species (Leuven et al. 2009). Hard substrates in the littoral 
zones are dominated by non-native invasive dreissenid mussels, viz. the zebra mussel 
Dreissena polymorpha (Pallas, 1771) and quagga mussel Dreissena rostriformis 
bugensis Andrusov, 1897 (Bij de Vaate et al. 2014, Matthews et al. 2014).
Late-stage larval, juvenile, and adult dreissenid mussels produce byssal threads 
that are secreted by the byssus gland in their foot (Rajagopal et al. 2005, Brazee and 
Carrington 2006, Grutters et al. 2012). These mussels use byssal threads to attach to 
hard substratum such as rock, wood, other mussels, hydraulic engineering structures, 
water craft, pontoons and water intake facilities (e.g., water purification plants and 
power stations). Therefore, sessile mussels cannot move rapidly and may not remain 
immersed after decreases in water levels. As a result, mortality of dreissenid mussels 
can occur due to desiccation in littoral zones of rivers and lakes during periods of low 
river flow or drought (Collas et al. 2014).
Several authors have reported the mass mortality of invasive mollusc species during 
harsh environmental conditions (Grazio and Montz 2002, Haag and Warren 2008, 
Werner and Rothhaupt 2008, Weitere et al. 2009, Vohmann et al. 2010, Firth et al. 2011, 
Ilarri et al. 2011, Churchill 2013, Bódis et al. 2014a; Table 4.1). However, most research 
concerning the impacts of extreme weather events on invasive molluscs in freshwater 
ecosystems has focused on the mass mortality of the Asian clam Corbicula fluminea 
(O.F. Müller, 1774) induced by severe low flows or drought, associated with extremes 
in temperature. Werner and Rothhaupt (2008) hypothesized that a rapid fall in water 
level during harsh winter conditions could be used as a management tool to control 
invasive, non-native aquatic species. During the severe winter of 2012, an unintended 
large-scale field experiment took place in the river Nederrijn and created conditions 
under which this hypothesis could be validated for dreissenid mussels using a before-
after-control-impact (BACI) design. Data from fauna surveys in the river Nederrijn 
(extreme event site) and river Meuse (control site) allowed assessment of the effects of 
desiccation on settled dreissenid mussels in the littoral zone during a low-water event 
associated with severe winter conditions.
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4.2. MATERIAL AND METHODS
4.2.4. Sampling sites
Density and relative abundance of dreissenid mussels on stones in the main channel 
and washed-up on the banks of the rivers Rhine and Meuse in The Netherlands 
were determined (Figure 4.1). The low-water event site was located on the left bank 
of the river Nederrijn at Lexkesveer (N 51° 57’28.943”; E 5°40’43.115”). The control 
site was located on the right bank of the river Meuse near Mook (N 51°44’23.362”; E 
5°52’47.841”). Both sampling locations were positioned on the downstream side of 
a groyne in an impounded river section. These sites were included in a monitoring 
programme examining dispersal and impacts of invasive dreissenid mussels in The 
Netherlands (Le et al. 2011, Matthews et al. 2014).
FIGURE 4.1  Locations of the study sites in The Netherlands.
River Waal
River Meuse
River Nederrijn
Control site
Extreme event site
50 km
River Rhine
Germany
River IJssel
Lexkesveer
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Driel
Volkel
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4.2.2. Severe low water event
On February 8, 2012, the weirs in the river Nederrijn at Driel, Amerongen and 
Hagestein were opened to break up ice in the river, preventing damage to hydraulic 
infrastructure. The opening of weirs caused a sudden decrease in water level at the 
impounded sections of the river (Figure 4.2). The water level in the main river channel, 
downstream of the upper weir, dropped by 0.5 to 3.4 m below the target level of 
6 m above average sea level. Severe low-water conditions were observed for at 
least five days. Weirs remained closed at the control site in the river Meuse because 
drifting ice was less problematic at this location. During the extreme event period, 
water temperature of the rivers Nederrijn and Meuse at a depth of 10 cm ranged 
between 0 and 1.8°C (Netherlands Directorate-General for Public Works and Water 
Management 2014). The air temperature at the closest weather station (Volkel) ranged 
between a daily minimum of -8.3 and -12.6°C, a daily average of -3.6 and -7.2°C and 
a daily maximum of -0.5 and -2.4°C (Koninklijk Nederlands Meteorologisch Instituut 
2014). The daily relative humidity ranged between 70 and 86% (Koninklijk Nederlands 
Meteorologisch Instituut 2014). The distance between sampling sites was circa 30 km, 
ruling out regional differences in air temperature.
FIGURE 4.2  Water levels of the river Nederrijn (left axis) and river Meuse (right axis) 
during the period March 2010 – October 2013 at gauging stations Driel and Mook, 
respectively (*: above average sea level).
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4.2.3. Mussel sampling
Mussel samples were taken at the extreme event and control site before and 1.5, 2, 
6 and 18 months after the low-water event. All post-event mussel samples of both 
sites were collected from five groyne stones that were retrieved at a water depth of 
30 to 60 cm. Pre-event data of the rivers Nederrijn and Meuse were based on samples 
from ten and eight groyne stones, respectively. The sampled groynes were constructed 
from polygonal basalt stones whose total surface area was calculated by adding up the 
surface areas of all flat sides. All mussel samples were preserved in ethanol (70%) and 
transported to the laboratory where they were identified to species level and analysed 
to determine species density, relative abundance, and shell length. 
Mussel densities at the low-water event and control site were always calculated 
per groyne stone and subsequently averaged per sampling date. Unfortunately, the 
pre-event samples of stones in the river Nederrijn were pooled (Le et al. 2011), which 
limited density calculations per stone and statistical comparisons with our post-event 
data. Therefore, pre-event mussel densities on individual stones at this site were 
estimated using counts of byssus remnants and dead mussels attached to stones that 
were collected directly after the event (retrospective approach).
In addition, the density of empty mussel shells washed up on the river bank at 
the low-water event site was determined 2, 6 and 18 months after the event. For this 
purpose, all empty shells were collected from the surface of sediment in five quadrants 
along the high-water line. Quadrants of different surface areas were used depending 
on rough estimates of mussel density (i.e. 0.075, 0.125 or 0.250 m2 in case of high, 
intermediate or low density of shells stranded, respectively). All shells were identified 
to species level in the laboratory. The density of stranded mussels was determined by 
calculating per quadrant the number of complete doublets and the number of half 
shells divided by two, and converting these numbers to individuals per m2.
4.2.4. Statistical analyses
Mussel density data from groyne stones and river banks were tested for normality 
and homogeneity of variances with a Kolmogorov-Smirnov test and Levene’s test 
respectively, using the statistics package SPSS 19.0. Subsequently, the Scheirer Ray-
Hare test was used for the analyses of ranked density data since our data did not fulfil 
the assumption of a two-way parametric ANOVA due to absence of homogeneity of 
variances (p-value = 0.001) and a marginal normality (p-value = 0.078). Location and 
time were used as fixed factors in the analyses. The Scheirer-Ray-Hare rank test is a 
conservative non-parametric equivalent of a two-way ANOVA with replication (Dytham 
2003). 
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Data concerning mussel shells washed up on the river banks were normally 
distributed (p-value = 0.768) but the variances were not homogeneous (p-value = 
0.015). Therefore, samples from river banks were analysed using a one-way ANOVA 
with a Games-Howell post hoc test. All statistical tests were regarded to be significant 
at p-value < 0.05.
4.3. RESULTS
The actual mussel density in the littoral zone of the river Nederrijn before the low-
water event was 2807 individuals per m2 (pooled pre-event sample of Le et al. 
2011). Our retrospective estimation yielded an average pre-event mussel density (± 
standard deviation) of 2423 ± 1223 individuals.m-2 (Figure 4.3A). The low-water event 
and coinciding low air temperature caused mass mortality of dreissenid mussels in 
the littoral zone of the river Nederrijn. Shortly after this event, all observed zebra 
and quagga mussel shells attached to groyne stones were empty. The number of 
byssus remnants indicated that 1.5 and 2 months after the event many mussels were 
detached. During the 18 months post-event monitoring period, the densities of living 
mussels gradually increased to pre-event levels (Figure 4.3A and B). At the control 
site in the river Meuse mussel densities did not show changes. The Scheirer-Ray-Hare 
test of before-after-control-impact data showed that time and location significantly 
explained the variability in densities of dreissenid mussels on groyne stones in the 
rivers Nederrijn and Meuse (p-value = 0.003 and p-value = 0.005, respectively; Table 
4.2). The interaction between time and location was not significant (p-value = 0.054; 
Table 4.2).
Shell lengths of quagga mussels that were collected in the river Nederrijn before 
the extreme low-water event were between 1 and 25 mm (Figure 4.4A). The average 
and maximum shell length before the event (Figure 4.4A) were larger than those of 
mussels collected 6 and 18 months after the event (Figure 4.4B and C, respectively). 
Shell lengths of mussels that were collected 6 months after the event were between 2 
and 9 mm (0+ cohort), indicating re-colonization of this site from upstream populations 
by veligers or mussel brood drift. However, 18 months after the event shell lengths of 
mussels were between 2 and 23 mm, indicating on-going colonization as well as aging 
of the mussel population that recruited in the summer of 2012, following the low-water 
event. The shell length of quagga mussels at the control site in the river Meuse on all 
sampling dates ranged from 2 to 30 mm (Figure 4.4D-F), indicating that this population 
consisted of at least three annual cohorts (2011–2013) during the monitoring period.
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TABLE 4.1  Records of mass mortality of invasive bivalves during extreme weather events.
Water body State Species Extrem  event Year(s) Reference
Small streams
Streams in Bankhead 
National Forest
Alabama and 
Mississippi (USA)
Corbicula 
fl uminea
Severe drought 2000 Haag and 
Warren (2008)
Large rivers
river Danube (and its 
tributary river Ipoly)
Hungary Corbicula 
fl uminea 
Sinanodonta 
woodiana
Low river fl ows and thermal 
pollution during autumn
2011 Bódis et al. 
(2014a)
river Douro Portugal Corbicula 
fl uminea
High river fl ows during winter 
period
2009/ 2010 Sousa et al. 
(2012)
river Meuse The Netherlands Corbicula 
fl uminea
Low river discharges during 
summer periods associated 
with high water temperature, 
low oxygen contents and 
food availability
2003 and 2006 Foekema et 
al. (2008)
river Meuse Belgium Corbicula 
fl uminea 
Dreissena 
polymorpha 
Dreissena r. 
bugensis
Low-water event during 
summer caused by opening 
of weirs for maintenance of 
river bed, banks and hydraulic 
infrastructure
2012 Personal 
observation 
F.P.L. Collas
river Minho Portugal Corbicula 
fl uminea
Strong heat waves associated 
with low river fl ow, high 
temperature, low dissolved 
oxygen and lower redox 
potential
2005 and 2009 Ilarri et al. 
(2011)
zriver New Virginia (USA) Corbicula 
fl uminea
Summer drought conditions Not mentioned Cooper et al. 
(2005)
river Rhine Germany Corbicula 
fl uminea
Heat waves during summers 2003 and 2006 Westermann 
and 
Wendling 
(2003), 
Weitere et 
al. (2009), 
Vohmann et 
al. (2010)
river Rhine The Netherlands Corbicula 
fl uminea 
Corbicula 
fl uminalis
Locomotion of clams to 
avoid desiccation of littoral 
zone during extremely low 
river fl ow. However, strong 
shipping induced currents 
stranded them on the banks 
resulting in mass mortality.
2008 Personal 
observation 
R.S.E.W. 
Leuven & J. 
Matthews
Lakes
Lake Constance Germany, 
Switzerland and 
Austria
Corbicula 
fl uminea
Severe low-water event 
and associated low water 
temperatures during harsh 
winter conditions
2005/
2006
Werner and 
Rothhaupt 
(2008)
Lake Texoma Texas (USA) Dreissena 
polymorpha
Thermal stress and extremely 
low lake elevation during 
summer
2011 Churchill 
(2013)
Lakes Zumbro and Edinboro Minnesota and 
Pennsylvania (USA)
Dreissena 
polymorpha
1.5 m drawdowns during 
winter and fall conditions
2000/
2001
Grazio and 
Montz (2002)
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TABLE 4.2  The Scheirer-Ray-Hare rank test results of ‘before-after-control-impact’ data 
on densities of dreissenid mussels on groyne stones in the rivers Nederrijn and Meuse.
SS SS/MStotal df p-value
Location (factor) 2428.985 8.56149 1 0.003*
Time (factor) 4233.348 14.92137 4 0.005*
Location* Time (interaction) 2643.880 9.318936 4 0.054
*: statistically signifi cant
FIGURE 4.3  Zebra and quagga mussel densities (± standard deviation) at the extreme 
low water event site in the river Nederrijn at Lexkesveer (A) and the control site in the 
river Meuse at Mook (B).
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FIGURE 4.4  Proportion of quagga mussels per size class at the extreme low-water 
event site in the river Nederrijn (A-C) and the control site in the river Meuse (D-F), 
before, and 6 and 18 months after the event date.
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Densities of empty mollusc shells washed up on the river banks of the low-water event 
site significantly differed over time (Figure 4.5; one-way ANOVA df = 2; F-value = 
18.503; p-value < 0.001). After 6 months, the shell densities were significantly lower 
than 2 months after the event (Games- Howell post hoc test for pair wise comparisons: 
p-value = 0.006). After 18 months the density of stranded shells was significantly 
higher than after 6 months (p-value = 0.028) but did not significantly differ from values 
recorded 2 months after the event (p-value = 0.130). The quantitative ranking of 
species in order of high to low densities was quagga mussel, Asian clam, zebra mussel 
and other species such as the painter’s mussel Unio pictorum (L., 1758) and the swollen 
river mussel Unio tumidus Philipsson, 1788.
FIGURE 4.5  Empty shell density of bivalve species stranded on river banks at the 
extreme low-water event site in the river Nederrijn at Lexkesveer (number of individuals 
± standard deviation per m2). Different letters indicate significantly different shell 
densities (p-value < 0.05). 
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4.4 DISCUSSION
Our data indicate that the sudden decrease in water level during severe winter 
conditions caused mass mortality of dreissenid mussels in the littoral zone of the river 
Nederrijn. The extreme low-water level in the river Nederrijn lasted for five days with 
an average daily air temperature ranging between -3.6 and -7.2 °C. Desiccation under 
such harsh winter conditions can cause high mortality rates in dreissenid mussels 
(Clarke et al. 1993, McMahon et al. 1993). The tolerance of dreissenid mussels to 
desiccation is temperature and humidity dependent (Collas et al. 2014). Zebra mussels 
can survive for more than 10 days in cool (15°C), humid conditions (McMahon et al. 
1992). At higher temperatures, such as 25°C, zebra mussels can survive independently 
of humidity for less than 150 hours (McMahon et al. 1993). Clarke et al. (1993) found that 
after dewatering, freezing temperatures resulted in quicker mortality of zebra mussels 
than when they were exposed to higher temperatures. Clustered mussels survived 
twice as long as isolated mussels. Time to death decreased exponentially when 
mussels were exposed to temperatures below -3 °C. The water level was maintained 
in the impounded section of the river Meuse and at this control site dreissenid mussel 
density did not change significantly over the monitoring period. Available data on 
water temperature tolerance confirm that river temperatures recorded during our 
monitoring period should not cause mortality in immersed zebra and quagga mussels 
(Verbrugge et al. 2012a, Verhofstad et al. 2013, Matthews et al. 2014).
Uncertainties in our assessment concern the retrospective estimation of pre-event 
mussel densities, rate of background mortality and pseudo-replication in time. On the 
one hand, our retrospective approach may overestimate the pre-event mussel density, 
because byssal remnants can persist for a long period of time after dislodgement or 
predation. On the other hand, the population size may be underestimated because 
newly recruited mussels may attach to earlier colonizers (clumping) and these individuals 
will be lost when clumps of shells become dislodged. However, it is likely that our 
retrospective approach slightly underestimates the pre-event mussel density, because 
the ‘pooled mussel sample’ yields a higher density. Moreover, Le et al. (2011) did not 
observe byssal remnants or dead mussels during pre-event sampling. The number of 
individuals attached to other mussels was always low, possibly because hard substrate 
was sufficiently available for colonization. Although background mortality of mussels 
was not assessed in our study, observations on other locations in the river Nederrijn 
did not indicate increased mortality before the event (Le et al. 2011, Matthews et al. 
2014). Finally, the interval between two post-event samples was short in comparison 
with intervals between other samples. Pseudo-replication in time could be a possible 
limitation in the interpretation of our statistical results.
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Several other studies report mass mortality of invasive bivalves during extreme 
climatic events, including die-offs of dreissenids (Table 4.1). However, most observations 
concern Asian clams. Mass mortality is often caused by extreme low water flow at high 
temperatures, associated with low dissolved oxygen and food quantity. In addition, 
die-offs of invasive bivalves are also reported after extreme winter or spring flooding 
associated with increased silt loads.
Water drawdown is a well-accepted management tool for controlling invasive 
aquatic plants, especially in lakes and reservoirs (Barrat-Segretain and Cellot 2007, 
Barnes et al. 2013). Tucker et al. (1997) suggest that system-wide drawdowns during 
warm summer conditions can also have a profound negative impact on zebra mussel 
demography. Grazio and Montz (2002) reported on winter lake drawdown as a strategy 
for zebra mussel control. Recently, Werner and Rothhaupt (2008) hypothesized that 
water-level drawdown during severe winter conditions can be an effective tool for 
controlling the population densities of invasive molluscs. Mackie and Claudi (2010) 
also suggest that the exposure of otherwise submerged structures at times of low air 
temperature is a viable and expedient way of controlling dreissenid mussel infestations. 
Our data on mass mortality of dreissenid mussels in the river Nederrijn support their 
hypothesis. In impounded river sections, manipulation of the water level is facilitated 
by weir management. Shipping traffic and recreational sailing will not be impeded 
by low-water levels, if interventions occur during severe winter periods, because 
navigation is limited by (floating) ice on the river at this time.
The gradual increase in density and the small shell size of zebra and quagga 
mussels in the river Nederrijn after the extreme low-water event indicate that re-
colonization mainly occurred as a result of juvenile settlement from this river section 
or alternatively originating from populations upstream (Lucy et al. 2008 and references 
therein). Although the population recovered, the shell length distribution of mussels 
still differed from the pre-event measurements and size distributions at the control site 
which had at least three year cohorts. Consequently, it could take two to three years 
before a full recovery of the mussel population structure is achieved. Matthews et al. 
(2014) observed a shift in species dominance from zebra mussel to quagga mussel 
in the river Meuse. The increasing relative abundance of quagga mussels and the 
decreasing density of zebra mussels indicate that this shift in species dominance is 
continuing.
Empty shells washed up on the river banks may reflect spatial distribution pattern 
and mortality rates of bivalve species (Sousa et al. 2012, Bódis et al. 2014a). Densities 
of stranded shells on the banks of the river Nederrijn do not allow conclusions on 
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causality of low-water level and bivalve mortality. The fluctuating densities indicate 
that several other environmental factors may contribute to stranding of shells (e.g., 
combined effects of shipping induced waves and river flow). Moreover, data on 
the community composition of benthic bivalves at the low-water event site are not 
available, limiting comparisons with densities of stranded shells. However, the species 
composition of empty mussel shells washed up on the banks directly after the low-
water conditions indicated that this event also affected bivalve species living in and 
on sediments in the littoral zone of the river, including Asian clams and native species 
such as painter’s mussel and swollen river mussel. Asian clams, zebra mussel and 
native unionids do not necessarily respond to low-water events in the same way due 
to different physiological adaptations (Tucker et al. 1997, McMahon 2002). According 
to Haag and Warren (2008), the effects of severe drought on invasive Asian clams at 
small-stream sites in North America appeared to be stronger than on native mussel 
species. Therefore, the assessment of long-term effects of recurrent weir management 
interventions on abundance of invasive and non-target species is recommended.
Invasions of dreissenid mussels affect biodiversity and ecosystem functioning in 
Northwestern Europe and North America (Van der Velde et al. 2010a, Matthews et al. 
2014, Nalepa and Schloesser 2014). Mass mortality of dreissenid mussel populations 
is expected to cause both positive and negative ecological effects. Positive effects 
resulting from population declines could include a reduction in their competitive 
influence on resources. In addition, population die-offs of invasive mussels and the 
resulting sloughing of dead organic matter onto river banks could provide an important 
resource subsidy for the adjacent terrestrial food web (Bódis et al. 2014a). However, 
a decrease in dreissenid mussel stocks at the wintering sites of waterfowl could also 
impact diving duck populations, such as the tufted duck Aythya fuligula (L., 1758) and 
pochard Aythya farina (L., 1758), which are dependent on zebra and quagga mussels 
as food resource (Suter and Van Eerden 1992). Moreover, filter-feeding dreissenids 
can be used to combat eutrophication (Reeders and Bij de Vaate 1990). Therefore, 
the potential loss of positive as well as negative effects of dreissenids should be 
considered in impact assessments of water-level drawdowns.
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ABSTRACT
Freshwater mussels are ecosystem engineers that provide important ecosystem 
functions and services, such as bio-filtration. A method for quantifying their 
filtration capacity was developed and applied in a case study where the loss in 
filtration capacity of invasive alien dreissenid mussels was estimated following 
a mass mortality event in the river Meuse in the Netherlands. Mass mortality 
was induced by a sudden water level drawdown during severe winter conditions 
following the damaging of a weir. The low water level allowed assessment of 
the dreissenid densities and mortality on groynes. Imagery acquired using an 
unmanned airborne vehicle (UAV) was used to construct 3D images of groynes 
and to determine mussel inhabited surface areas. Next, a bootstrapping approach 
was applied to accurately assess the filtration capacity of dreissenid mussel 
assemblages on groynes and the loss therein following mass mortality. Results 
showed that the filtration capacity of dreissenids on groynes was sufficient to filter 
0.4% to 17.3% of the discharge in a 25 km impounded stretch of the river Meuse 
during high and low discharges, respectively. On average 5% of the discharge 
could be filtered by dreissenids on the air exposed groynes. Mortality on air 
exposed groynes was 100% leading to a full loss of dreissenid filtration capacity 
on air exposed parts. First recolonization of formerly air exposed groynes was 
observed 17 months after the low water event, ultimately leading to a recovery of 
the filtration capacity.
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5.1. INTRODUCTION
Globally, freshwater ecosystems are heavily impacted by water pollution, flow 
modification, reduced habitat quality, overexploitation, the introduction of alien 
species and the overarching effect of climate change (Malmqvist and Rundle 2002, 
Dudgeon et al. 2006, Leuven et al. 2009, Arthington et al. 2010). Especially, pollution, 
climate change and the introduction of alien species are impacting biodiversity in 
freshwater ecosystems (Sala et al. 2000). With decreasing species diversity important 
functions and ecosystem services provided by freshwater ecosystems might be lost 
(Díaz et al. 2006, Vaughn 2010, Large and Gilvear 2014). 
Freshwater bivalves belong to the most endangered species groups (Lydeard et al. 
2004, Lopes-Lima et al. 2017). Nonetheless several of the world’s most invasive alien 
species are also freshwater bivalves (e.g., Corbicula fluminea, Dreissena polymorpha, 
Dreissena rostriformis bugensis, Sinanodonta woodiana) (Lowe et al. 2000, Karatayev 
et al. 2009). They can serve as ecosystem engineers and provide important ecosystem 
functions, e.g. bio-filtration which increases water (Strayer et al. 1999, Sousa et al. 2009, 
Lopes-Lima et al. 2017, Vaughn 2018). Bivalves filter suspended particulate organic 
matter out of the water in order to obtain food. The waste products released are faeces 
and pseudofaeces (Kelly et al. 2009). Especially the bio-filtration service provided by 
freshwater bivalves is of interest due to the potential to change nutrient cycling and 
concentrations of toxicants, bacteria and harmful substances, allowing them to be 
considered as sentinels of water quality (Kelly et al., 2009; Lucy et al., 2010; Binelli et 
al., 2014). This can lead to improvement of overall ecosystem quality and reduces costs 
associated with water purification for human consumption. 
Though, due to their high densities alien species can provide and surpass the 
ecosystem functions and services provided by native species (Sousa et al. 2009, Sousa 
et al. 2014). In the Rhine-Meuse river delta in Western Europe, densities of native 
freshwater unionid bivalves are lower compared to the alien dreissenids (Wolff 1968, 
1970, Smit et al. 1994, Leuven et al. 2014, Pigneur et al. 2014, Marescaux et al. 2015). 
Thus, within the Rhine-Meuse river delta, alien species are likely to provide some of 
the aforementioned functions and services previously provided only by native unionid 
bivalves. So, the invasion of the ecosystem by dreissenid mussels does not necessarily 
have to result in decreased provisioning of ecosystem services. However, these 
alien freshwater bivalve communities can experience other stressors that affect their 
functioning and service provisioning.
Massive die-offs of especially alien bivalves can occur when conditions become 
harmful e.g. extreme temperatures, low oxygen levels, extreme water level fluctuations 
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(Leuven et al. 2014). These mass mortalities can result in long term losses of bivalve 
ecosystem services provisioning (Vaughn et al. 2015), among others, influencing the 
bio-filtration capacity of the system in a negative way. Until now, the effect of mass 
mortality events on bio-filtration capacity has not been assessed in the Rhine-Meuse 
river delta till recently an opportunity for such a study was created. 
A sudden drawdown in water level occurred in the Dutch part of the river Meuse 
due to a damaged weir that was hit by a commercial ship. The low water event 
occurred during the winter when the air temperature was low and the conditions 
lethal for the dominant alien bivalves D. polymorpha and D. rostriformis bugensis 
River Waal
River Meuse
River Nederrijn
Reference site
Extreme event site
50 km
Germany
FIGURE 5.1  Geographical location of the study site in the impounded section of the 
river Meuse in the Netherlands.
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(Clarke and McMahon 1993, McMahon et al. 1993). This event allowed for an 
assessment of the lost filtration capacity due to the mass mortality of alien bivalves. 
Field work was conducted to 1) determine densities of Dreissenidae on the air exposed 
groynes, 2) measure the air exposed groyne surface area, 3) determine mortality 
of Dreissenidae caused by the drawdown, and 4) combine the aforementioned 
data to assess lost filtration capacity in the affected stretch of the river Meuse. 
 
5.2. MATERIALS AND METHODS
5.2.1. Study area
The river Meuse originates in France and runs a total of 935 km through Belgium 
and the Netherlands before it discharges into the North Sea. The river Meuse has an 
average discharge of 230 m3.s-1 and is mainly fed by rainwater (Van Vliet and Zwolsman 
2008). During 2017 discharge ranged between 25 and 1090 m3.s-1 measured at gauging 
station Venlo (waterinfo.rws.nl). The river Meuse serves several important societal 
functions including the supply of freshwater to six million people and providing 
waterways for navigation (De Wit et al. 2007, Rijkswaterstaat 2018a). Due to the high 
variability in seasonal discharges, parts of the river were impounded ensuring sufficient 
water depth to facilitate navigation.
5.2.2. Low-water event
On December 29th 2016 a ship rammed a weir in the river Meuse near the municipality 
of Grave. The collision damaged the weir severely, resulting in a sudden water level 
drawdown of roughly 3 m over a 25 km section of the river Meuse (Figure 5.1). The 
extreme low water conditions lasted 12 days, when the construction of a temporary 
weir started. After 25 days, on January 23rd 2017, water level stabilized to a level of 8 m 
above average sea level following completion of the temporary weir (Figure 5.2). During 
the first 12 days of the low-water event air temperature at the closest weather station 
(Volkel) ranged between a daily minimum of -8.0 and 2.2 oC, a daily average of -3.9 
and 5 oC and daily maximum of -0.7 and 6.7 oC (Koninklijk Nederlands Meteorologisch 
Instituut 2018). Relative humidity ranged between 79 and 99% (Koninklijk Nederlands 
Meteorologisch Instituut 2018) and water temperature at a depth of 10 cm ranged 
between 3.1 and 7.4 oC (Rijkswaterstaat 2018b). 
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5.2.3. Dreissenid sampling
Dreissenid mussel densities on air exposed groyne stones were determined on the 
right bank of the river Meuse in The Netherlands near the municipality of Mook (N 
51°44’23.362”; E 5°52’47.841”) (Figure 5.1). Mussels were sampled on January 3rd 
and 13th 2017 at increasing height above the low water level (i.e. 0, 80, 120, 180, 220 
and 260 cm) and an additional sample below the water level (-20 cm). Samples were 
collected by removing mussels from a random surface of a single stone for each of the 
seven heights above the low water level. After mussels were removed the sampled 
surface area was measured using a ruler. Mussel mortality was determined by visually 
inspecting mussels that were open or that did not respond to tapping. When unclear 
mussels were placed in water off the sampling location and re-assessed after 24 hours. 
All samples were preserved in ethanol (70%) and transported to the laboratory where 
they were identified to species level and counted to determine species density, relative 
abundance and percentage of mortality. Additional sampling was performed six months 
and 17 months after the low water event to assess whether recolonisation occurred 
using the sampling protocol of Leuven et al. (2014). The sampling protocol consisted 
of determining mussel density at five randomly chosen stones by sampling dreissenids 
from a random surface and subsequently measure of the sampled area. Densities were 
calculated for each groyne stone separately and subsequently averaged per sampling 
date and location. The sampled groyne was constructed from polygonal basalt stones. 
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FIGURE 5.2  Water levels of the river Meuse at gauging station Mook during the period 
November 2016 – March 2017 (*: above average sea level).
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A linear regression was used to analyse the relationship between density and water 
depth (R core team 2015). Subsequently, a normal probability distribution of dreissenid 
densities was acquired by fitting a normal distribution to the densities per stone per 
date using the ‘fitdistrplus’ package in R statistics (Delignette-Muller and Dutang 2014, 
R core team 2015). The mortality data at different height above the water level for 
both sampling dates was analysed using a logistic regression performed with the GLM 
function (R core team 2015). 
5.2.4. Estimation of groyne surface area covered by dreissenids
An unmanned airborne vehicle (UAV, DJI Phantom 3 advanced) outfitted with a 12 
megapixel camera was used to collect photos of the air exposed habitat area on five 
groynes on January 18th 2017. For each groyne, UAV imagery was acquired in a single 
flight of approximately 10 min. Flying altitude varied between 5 and 20 m in order to 
acquire detailed as well as overall photos of the groynes. The photos were processed 
using Agisoft Photoscan software, yielding an orthophoto and a depth elevation 
model (DEM, 3D model) of each groyne (Appendix: Figure S1). Subsequently, the part 
of the groyne that was above average impounded water level (> 8 m above average 
sea level; see figure 5.2) was removed from the 3D model as this was not part of the 
potential dreissenid habitat. The corrected 3D model was used to derive the surface 
area of potential dreissenid habitat on each groyne exposed to air. Next, the derived 
surface area was divided by the length of each groyne yielding an exposed groyne 
surface area on both sides per m groyne length. Groyne length was measured in 
Google Earth using the ‘measure distance’ option. The aforementioned procedure 
was performed for each of the five groynes to assess the variability in the relation 
between groyne surface area and groyne length. The exposed groyne surface area 
per m groyne length followed a normal distribution. Therefore, a normal distribution 
was fitted using the ‘fitdistrplus’ package in R statistics (Delignette-Muller and Dutang 
2014, R core team 2015).
5.2.5. Dreissenid filtration rates
As filtration rates can vary in time and depend on mussel size and environmental 
conditions a literature search was performed to acquire available data on filtration 
rates of D. polymorpha and D. rostriformis bugensis. Since, the goal was to develop 
an approach that is applicable year round, filtration rates were included that were 
representative for various mussel sizes and seasonal variability in riverine waters. This 
search was performed using the Google.scholar search engine (https://scholar.google.
nl/). The search term consisted of the combination of ‘filtration rate’ and ‘dreissenids’. 
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The first 50 hits were checked for relevance and when actual filtration rates were 
presented they were included in a database containing known filtration rates of 
dreissenids, resulting in 117 recorded filtration rates measured for a temperature range 
from 0.6 to 23ºC and for a size range from 9 to 32 mm. When data was only presented 
in a figure, the software ‘digitizeit’ (https://www.digitizeit.de) was used to derive the 
filtration rates from the figures. Due to a limited availability of filtration rates for D. 
rostriformis bugensis filtration rates of both species were combined and an overall 
dreissenid filtration was determined. A gamma distribution was fitted to all filtration 
rates retrieved during the literature search using the ‘fitdistrplus’ package in R statistics 
(Delignette-Muller and Dutang 2014, R core team 2015). 
5.2.6. Stony substrate length of the river stretch
As water level dropped in a 25 km impounded section of the river Meuse, the total 
length of groynes excluding riprap bank protection in this river stretch from the weir of 
Grave to the weir of Sambeek was derived. Length of all groynes on left and right river 
bank was measured using Google Earth and the ‘measure distance’ option, yielding a 
total groyne length of 1,023 m. 
5.2.7. Deriving potential filtration capacity
The distribution of exposed groyne surface area on both sides per m groyne was 
combined with the dreissenid density distribution, yielding a distribution of the number 
of individuals per m groyne taking surface area into account. As all dreissenids exposed 
to air died during the extreme low water event, this distribution was subsequently used 
in another bootstrapping operation to derive one thousand values of dead dreissenids 
per m groyne (Figure 5.3). To each individual mussel of each of the aforementioned 
values a filtration volume per hour was assigned using a filtration rate distribution 
based on all acquired filtration rates. Next, for each dreissenid individual per m groyne 
values assigned filtration rates were summed up yielding one thousand values of total 
lost filtration capacity of dreissenids per m groyne. A normal distribution was fitted to 
these lost filtration capacities of dreissenids per m groyne values. Subsequently, this 
lost filtration capacity distribution was applied to derive the loss in filtration capacity 
of dreissenids on air exposed groynes in the entire river stretch due to the extreme 
and long lasting water drawdown. For each of the 1,023 m of air exposed groyne a 
filtration capacity was assigned. This step was repeated one thousand times to take the 
variability in filtration capacity into account. Hereafter, the median potential filtration 
capacity was derived and compared with discharge of the affected river stretch. 
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FIGURE 5.3  Framework to derive the loss of filtration due to mass mortality of 
dreissenids.
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5.3. RESULTS 
5.3.1. Dreissenid densities
The density of living mussels on groynes on June 1st 2016, several months before the 
low water event in the river Meuse at Mook, was 1,485 individuals per m2 (SD = ± 1,430; 
Figure 5.4). This density was similar to previously recorded densities of this stretch of 
the river Meuse. During the low water event mussels were sampled at larger depths 
compared to the previous sampling efforts resulting in a higher average density of 
9,270 individuals per m2 (SD = ± 2,553). D. rostriformis bugensis was the dominant 
species with an average density of 9257 individuals per m2 (SD = ± 2,561) compared 
to D. polymorpha (13 ± 35 individuals per m2). The extreme low water event at Mook 
resulted in 100% mortality of air exposed dreissenids. Six months after the event 
no living mussels where recorded and 17 months later densities increased to 7,392 
individuals per m2 (SD = ± 8,610). 
No significant relation was found between dreissenid density and water depth 
(p-value = 0.09, Figure 5.5A). Average dreissenid density was 9,270 (SD: ± 2,553) and 
the maximum density was 13,687 individuals per m2. Survival of dreissenids five days 
after the event was significantly affected by the height above water level (z-value = - 
18.67, p-value < 0.001; Figure 5.5B). Sampling after fifteen days showed no significant 
effect of distance (z-value = -0.004, p-value = 1.00; Figure 5.5B). Depths at which 95% 
of dreissenids survived after five and fifteen days was 56 and -11 cm, respectively.
5.3.2. Filtration capacity
The median filtration rate of the dreissenid mussels on groynes in the 25 km long river 
stretch was 4.77 m3.s-1 and ranged between 4.63 and 4.95 m3.s-1. The fraction of the 
water that is filtered depends on the discharge (Figure 5.6), the lower the discharge the 
stronger the purification effect. Since all air exposed dreissenid mussels died after the 
low water event this service was entirely lost. During the winter period, when discharge 
of the river Meuse was high, the effect of this loss filtration capacity was low (Figure 
5.6). When discharge decreased during spring and summer effect of the lost filtration 
capacity increased (Figure 5.6). If the dreissenid mussel population on the air exposed 
groynes had stayed alive up to 17.3% of the discharge would have been filtered during 
low discharge conditions in the summer months.
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FIGURE 5.4  Densities of living dreissenid mussels (± standard deviation) in the river 
Meuse at Mook before and after the extreme low water event (data before the low 
water event was obtained from Leuven et al. 2014).
FIGURE 5.5  A) Dreissenid density in relation to water depth in the river Meuse, and B) 
Dreissenid survival in relation to increasing height above the water level after a sudden 
drawdown with a duration of five days (T=5; circles) and fifteen days (T=15; triangles). 
Data points belonging to fifteen days have been offset by 5 cm to increase readability.
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5.4. DISCUSSION
5.4.1. Filtration capacity
A novel method that combines UAV based DEMs with a bootstrapping approach to 
account for the natural variability of mussel density and filtration capacity was proposed 
for deriving the filtration capacity of dreissenid mussels in rivers. This filtration capacity is 
one of the most important riverine ecosystem services provided by freshwater mussels 
(Vaughn 2018). Reeders and Bij de Vaate (1990) assessed the importance of dreissenid 
filtration capacity for improving water quality and showed that D. polymorpha densities 
of 675 per m2 were enough to compensate phytoplankton growth by grazing in Lake 
Wolderwijd (2600 ha and 1.5 m deep) by filtering the water once every three days. 
Moreover, several studies in the Great Lakes of Northern America demonstrated the 
impact of dreissenid mussels on the physicochemical and biological properties of the 
water column through their high densities and filtration capacities (Kelly et al. 2009). 
Dreissenids affect nutrient cycling and biomass of phytoplankton in the water (Kelly 
et al. 2009), and cause an increase in abundance of macrophytes by increased water 
clarity (Mills et al. 1993, Nicholls and Hopkins 1993, Zhu et al. 2006, Higgins and Vander 
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Zanden 2010). Dreissenid mussels changed entire freshwater food webs by changing 
the pelagic-benthic coupling and shifted the state of the water column form turbid to 
clear (Higgins and Vander Zanden 2010). Whether this effect is regarded as beneficial 
or desirable is context dependent. However, it should be clear that dreissenid mussels 
can change concentration of a wide range of particles and nutrients in eutrophic and 
turbid waters (Richter 1986, Strayer et al. 1999, Magni et al. 2015), making them valuable 
for improving water quality. In addition to lakes, dreissenid mussels also have large 
effects in rivers including a reduction in turbidity and in this way improving macrophyte 
growth (Strayer et al. 1999, Higgins and Vander Zanden 2010).
Application of our method to the river Meuse showed that the dreissenid mussels on 
the air exposed groynes were able to filter up to 17.3% of the discharge during summer 
months, indicating that they can affect the water quality. Validation of this effect on 
water quality is limited due to distant water quality monitoring stations and the strong 
influence of lateral flows and agricultural run-off and effluents. The dreissenid densities 
in this river were much higher than the minimum dreissenid densities required for 
improving water quality in eutrophic lakes (Reeders and Bij de Vaate 1990), supporting 
the importance and potential of dreissenid mussel filtration capacity as an ecosystem 
service for maintaining or improving the water quality of the river Meuse. The higher 
densities are likely the result of faster growth of dreissenids under flowing conditions 
(Karatayev et al. 2006). Unfortunately, due to the damaging of the weir near Grave and 
the resulting long lasting water level drawdown, all air exposed dreissenid mussels 
on groynes in the impounded river section died. Mussels that remained submerged 
survived indicating that the total filtration capacity of dreissenids in this part of the river 
is higher than the quantified lost filtration capacity. 
5.4.2. Uncertainty in loss of filtration capacity
There are some uncertainties in determining the potential filtration capacity of 
dreissenids or the loss therein due to mass mortality. Filtration rates may differ 
under various environmental circumstances. Such as by wave disturbance, light and 
temperature (Diggins 2001, Vaughn and Hakenkamp 2001, Lorenz and Pusch 2013). 
Exposed groynes were randomly sampled to assess dreissenid mortality, which was 
100% after fifteen days. It is possible that mortality is lower at specific locations due 
to higher humidity between stones (McMahon et al. 1992, Ussery and McMahon 
1995). However, the low water event lasted an additional eleven days after sampling, 
rendering it unlikely that any mussels survived on the exposed groynes. 
The loss in filtration capacity might be larger as the UAV flight was performed 
on January 18th 2017, when the water level had already risen again. This resulted in 
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an underestimation of the surface area that was exposed and therefore led to an 
underestimation of the loss in filtration capacity. In addition, mapping of crevices by 
the UAV was limited thereby underestimating total exposed groyne surface area and 
thus filtration capacity. Another underestimation can be caused by the focus of this 
study on groynes, while mussel beds were also present in the littoral zone on small 
cobles locally placed for bank stabilization (personal observation F.P.L. Collas and 
R.S.E.W. Leuven). These mussel beds were also exposed to air causing all mussels to 
die. Incorporating these mussel beds into calculating filtration capacity was infeasible 
as their density was not assessed and the small cobles were heterogeneously spread 
and difficult to detect on remotely sensed images. Thus, the filtration capacity of 
dreissenid mussels and the loss therein is likely to be higher, due to the exclusion of 
these mussel beds in the calculations.
The mortality and filtration capacity of other mussel species (e.g. C. fluminea and 
some unionid species) were not assessed. These species have high filtration capacities 
(Kryger and Riisgård 1988, McMahon and Bogan 2001), indicating that the total 
filtration capacity of the entire mussel community and loss therein due to mortality is 
likely higher than currently assessed in this study. These mussel species do not reside 
on hard substrates. They burrow in the sediment and move with their foot towards 
the receding water (Vaughn and Hakenkamp 2001, Sousa et al. 2008a). Their densities 
could not be assessed as our study focused on sessile mussels occurring on groynes. 
5.4.3. Dreissenid recolonization
Recolonization after the low water event in the river Meuse took longer (14 months) 
than recolonization after the low water event in the river Nederrijn (6 months), as 
described by Leuven et al. (2014). A possible explanation for the faster recolonization 
in the river Nederrijn might be the shorter duration of the low water event itself. The 
shorter duration and lower extent increases the possibility that close to the monitoring 
site large remnant populations of dreissenids survived and recolonized habitats once 
the water level had risen again. The longer time to recolonization meant a longer 
recovery time for the water purification services in this section of the river Meuse. 
The importance of the potential capacity of dreissenid mussels for improving 
water quality through their water purification services is substantiated in this study. 
Koopman et al. (2018) hypothesized that replacement of native mussels by invasive 
alien dreissenids, should not necessarily be detrimental or perhaps even beneficial 
from an ecosystem services perspective. Individual dreissenids show lower bio-
filtration rates than larger native mussels, however, the filtration rates per gill area 
unit are similar in range (Kryger and Rissgård 1988). Dreissenids often form more 
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dense assemblages than native mussels, indicating the potential for an increased 
bio-filtration capacity (Kryger and Rissgård 1988, Diggins 2001, Leuven et al. 2014). 
However, from a biodiversity perspective the occurrence and high densities of invasive 
alien dreissenids may be detrimental when they outcompete native unionid species 
(Schloesser et al. 1998, Schloesser and Masteller 1999, Leuven et al. 2014). The fouling 
of the native mussel species pools by dreissenid mussels, leads to homogenization of 
these species pools and potential declines of biodiversity (Mckinney and Lockwood 
1999). So, depending on the perspective that one considers the most important, the 
mortality of the dreissenid mussel could be beneficial for biodiversity or detrimental 
due to loss of filtration capacity.
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in an impounded river
FIGURE S1  3D model to derive surface area of one of the groynes used in this study.
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ABSTRACT
While native freshwater bivalve species are declining, several alien bivalve species 
have become invasive, thereby impacting ecosystem functioning and services. 
These biodiversity changes can be attributed to deteriorated water quality, 
hydro-morphological alterations, and the overarching effect of global change. 
Therefore, a systematic assessment of the sensitivity of freshwater bivalve 
species nowadays occurring in European inland waters to environmental factors 
is urgent. The present study reviewed 493 relevant papers, resulting in 8405 data 
entries on presence–absence of bivalve species in relation to environmental 
factors that are affected by global change (i.e., water temperature, water 
depth, oxygen availability, and flow velocity). From these worldwide field data, 
minimum and maximum values measured in their habitat and water bodies were 
selected. In addition, data on laboratory-derived tolerance ranges were collected. 
Subsequently, novel species sensitivity distributions (SSDs) were derived for each 
environmental factor using field-based occurrence data and laboratory-derived 
tolerance ranges, respectively. Species sensitivity distributions for maximum 
habitat temperature significantly differed between native and alien species. The 
latter occurred in habitats with higher maximum water temperatures than native 
species. The increase in water temperatures by global warming will affect a higher 
percentage of native species than alien species. The ranking of species based on 
their sensitivity for various environmental factors shows that vulnerable and 
endangered species have a higher overall sensitivity and are likely to be more 
affected by climate change. Invasive alien species were found to have a lower 
overall sensitivity and are thus less affected by climate change further aiding to 
their invasive nature. The available SSDs allow the ranking of freshwater bivalve 
species sensitivity to environmental stressors, the prediction of their potential 
occurrence in freshwater habitats, and the evaluation of management measures 
to optimize their biodiversity and ecosystem services.
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6.1. INTRODUCTION
Freshwater bivalve species provide important ecosystem functions and may act as 
ecosystem engineers (Eriksson et al. 1989, Naimo 1995, Strayer et al. 1999, Vaughn 
and Hakenkamp 2001, Gutiérrez et al. 2003, Bogan 2008, Sousa et al. 2009, Vaughn 
2010, Lopes-Lima et al. 2017). However, freshwater ecosystems are among the most 
endangered ecosystems in the world (Allan and Flecker 1993, Malmqvist and Rundle 
2002, Dudgeon et al. 2006), and therefore, many bivalve species are threatened. 
This particularly applies for unionid species. Over 200 endemic unionid species are 
included on the IUCN Red List (Lydeard et al. 2004), on which 37 species have recently 
become extinct in North America (Bogan 2008) and seven classified as endangered in 
Europe (Cuttelod et al. 2011).
The decline in native bivalve biodiversity affects ecosystem services, especially 
when species are lost that fulfill important ecosystem functions which cannot be 
compensated by invasive alien bivalves (Sousa et al. 2014). Decreasing diversity and 
density of native freshwater bivalve species has been attributed to overexploitation 
of water and organisms, water pollution, modification of flow, habitat destruction, 
introduction of invasive alien species, and the overarching effect of environmental 
changes caused by climate change (Dudgeon et al. 2006, Vaughn 2010, Lopes-Lima 
et al. 2014).
Due to climate change and flow modification of rivers and streams, impacts on 
the physical habitat of bivalve species are expected to increase in the near future. 
An alteration of the frequency and duration of extremely low and peak discharges 
and extreme water temperature events in northwestern European rivers are predicted 
(Van Vliet et al. 2013). These environmental conditions will further affect freshwater 
bivalve communities (Verbrugge et al. 2012a, Collas et al. 2014). Therefore, it is of 
utmost importance to quantify the effects of climate-related environmental factors on 
freshwater bivalve species (Santos et al. 2015). Deriving species sensitivity distributions 
(SSDs) is a common method to quantify the risks of chemical stressors to biodiversity 
(Del Signore et al. 2016a). These statistical distributions describe variation in species 
sensitivity related to a particular environmental factor (Posthuma et al. 2002). Whereas 
the vast majority of SSD applications are in the field of toxicology, the method also 
appears to be a promising tool for quantifying the effects of physical parameters (Smit 
et al. 2008). Species sensitivity distributions have previously been constructed for water 
temperature and dissolved oxygen for freshwater fish (De Vries et al. 2008, Leuven 
et al. 2011, Elshout et al. 2013) and for the effects of air exposure due to water-level 
fluctuation, salinity, and water temperature on freshwater molluscs (Verbrugge et al. 
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2012a, Collas et al. 2014) in order to elucidate climate change-related impacts on the 
biodiversity of riverine ecosystems.
A comprehensive database concerning the range of occurrence and tolerance 
of European freshwater bivalve species to environmental factors influenced by 
climate change, and flow modification was lacking (Lopes-Lima et al. 2017). This data 
deficiency limits sound biological conservation and reliable impact assessments of 
climate change for freshwater bivalve species. Therefore, for the first time a systematic 
data collection and assessment of the range of occurrences and laboratory tolerances 
of European bivalve species to climate change‐related environmental factors are 
performed, filling current knowledge gaps and data deficiencies. The aim of the 
present study was to assess ranges of climate‐related environmental factors for the 
occurrence of freshwater bivalve species in Europe. The collated species occurrence 
ranges will be used to answer the following research questions. Do these ranges differ 
between water body-based and habitat-based environmental factor measurements or 
between alien and native bivalve species? Which groups of species are most sensitive 
to climate change impacts?
The scope of the research is limited to environmental factors that may be important 
for bivalves for functioning and survival and potentially will be influenced by climate 
change. In this study, “sensitivity” is defined as the species response to a level of a 
physicochemical property (cf. Knouft and Ficklin 2017). The response can either be 
occurrence at reported maximum and minimum levels of a physicochemical property 
in the field or by mortality due to deleterious effects under laboratory conditions. 
Exceedance of a sensitivity inevitably results in limitation of the species. Minimum and 
maximum water temperature of rivers, lakes, and wetlands are expected to increase 
due to climate change (Quayle et al. 2002, Adrian et al. 2009, Van Vliet et al. 2013). 
Moreover, increased frequency and duration of extremely low and peak discharges 
(Lehner and Döll 2001, Van Vliet et al. 2013) require the assessment of species sensitivity 
to air exposure as a proxy for the risk of desiccation, minimum and maximum flow 
velocity, and species occurrence in relation to water depth. Additionally, the species 
sensitivity to oxygen depletion is assessed since oxygen can become a limiting factor 
at high temperatures during low discharges or in stagnant waters (Baxter 1977, Gagnon 
et al. 2004).
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6.2. MATERIAL AND METHODS
6.2.1. Species selection and data collection
A list of 55 native and alien bivalve species occurring in European freshwaters was 
compiled using several literature sources (Cuttelod et al. 2011, Welter-Schultes 2012, 
Araujo and de Jong 2015; Appendix: Table S1). Subsequently, a worldwide literature 
survey was performed using the Google Scholar search engine (https://scholar.
google.nl/) and all scientific species name–environmental factor combinations (Table 
6.1). Google Scholar ranked the hits based on their relevance to the performed query 
through determining publication location, authors, recent citations, and the number 
of citations (Google Scholar 2016). Subsequently, the first 50 hits of each search were 
assessed on their relevance for our research. In cases with fewer hits, all retrieved 
papers were assessed. In addition, several non-digitalized scientific books and journal 
issues available in the library of Radboud University were reviewed for relevant data. 
All retrieved data and references were entered in a database. In total, 493 papers 
(Appendix: Table S1) were considered relevant for this study. The resulting database 
consisted of 8405 entries on field occurrence and/or laboratory tolerance of species in 
combination with environmental factor levels. Data on environmental factors measured 
at the same sampling site and date where a species was found were classified as 
habitat measurements. Measurements were classified as water body based when they 
characterized the environmental conditions of a water body where a species occurred 
without connection to a specific sampling site or habitat of a species.
6.2.2. Deriving environmental sensitivities
When more than five entries for a species were available, the range of occurrence 
was derived using environmental measurements in (1) habitats and (2) water bodies in 
which this species was present. For water depth and flow velocity, only field occurrence 
data could be used due to a limited number of laboratory studies (Table 6.1). Because 
no field data were available, air exposure tolerances were based on laboratory data 
regarding species mortality during air exposure at various air temperatures and relative 
humidity conditions. Laboratory data were also available for maximum temperature 
and minimum dissolved oxygen tolerances, and experimental conditions between 
laboratory studies varied slightly. No distinction was made between subspecies due 
to limited data availability. The worldwide search was restricted to native or alien 
freshwater species that occur in Europe. Data on occurrence and environmental 
tolerance of these species on other continents were included since these values 
delineate their global range of occurrence. Data on species occurrence concern 
lacustrine, riverine, and brackish ecosystems.
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6.2.3. Deriving species sensitivity distributions
The minimum and maximum field-based occurrence and the laboratory-based 
tolerances of species were used to construct SSDs. The mean and standard deviation 
of an SSD depict the average and variation in range of occurrence or tolerance of 
species, respectively. The SSD can subsequently be used to predict the fraction of 
bivalve species predicted to be absent, expressed as the potentially not occurring 
fraction (PNOF) at specific levels of environmental factors. The standard deviation of 
the SSD is inversely proportional to the effect of a change in the environmental factor 
level on the fraction of absent species. The minimum number of species for deriving 
TABLE 6.1  Overview of search terms used for data collection, number of papers and data entries on
fi eld occurrence and laboratory tolerance of European bivalve species (presence-absence) in relation 
to various environmental factors.
 Search term Database Derived sensitivities
Environmental 
factor
“Scientifi c 
species name” 
and
Included 
papers (n)
Entries 
(n)
Lower 
limit
Upper 
limit
Data source Endpoint
Water 
temperature
Temperature 311
2009
x x Field
Habitat 
range
x x Field
Water body 
range
939   x Laboratory Tolerance
Water depth
Depth 257 2899 x x Field
Habitat 
range
Air exposure Desiccation 16 518   x Laboratory Tolerance
Oxygen 
availability
Oxygen 178
1422
x   Field
Habitat 
range
x   Field
Water body 
range
72 x   Laboratory Tolerance
Flow velocity Flow velocity 84 546 x x Field
Water body 
rangea
“×” signifi es suffi cient data available to derive species sensitivity distributions for lower and/or upper
limits of fi eld- or laboratory-based data.
a Only a limited number of entries for habitats were available, and these data were therefore combined
with water body range data.
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an SSD was eight, which was in accordance to the minimum sample size required for 
chemicals by the US Environmental Protection Agency and by the European Union (Del 
Signore et al. 2016a). Data for SSDs were checked for normal distribution using the 
shapiro.test function in R (R Core Team 2014). Data that were not normally distributed 
were log10 transformed and subsequently checked for normality. Hereafter, SSDs 
were constructed for each environmental factor. A normal distribution was fitted 
to the acquired ranges of occurrence and laboratory-based tolerances for each 
environmental factor using the fitdistrplus package in R-statistics (Delignette-Muller 
and Dutang 2014, R Core Team 2014, Szöcs 2015). The 2.5% and 97.5% confidence 
intervals were derived using a bootstrapping function with one thousand iterations. 
Minimum flow velocity, minimum water depth, and minimum dissolved oxygen for 
field data were not normally distributed. The lack of normality was due to several 
species with a minimum occurrence of zero, thus not being limited by a minimum 
value of a specific environmental factor. In order to include these insensitive species 
in the SSD, normal distributions were fitted to the minimum flow velocity, depth, and 
dissolved oxygen data. This approach provides the most ecologically relevant result as 
the SSD attributes the potential presence of a representative part of the species pool 
independent of the environmental factor level and reflects the insensitivity of a part of 
the species pool to certain environmental factors. Robustness of the constructed SSDs 
was analyzed (Appendix: Figure S1–S5).
6.2.4. Statistical analyses and overall sensitivity
Means of SSDs were compared using the independent sample t-test. Slopes, expressed 
as the standard deviations, were compared using the Levene’s test. Comparisons 
were made between habitat- and water body-based SSDs, and when sufficient data 
available also comparisons between field- and laboratory-based SSDs. In addition, the 
SSDs of native and alien species were compared. Differences between parameters 
were considered significant when below the critical p-value of 0.05. Moreover, linear 
regression analyses were performed between habitat-based and water body-based 
occurrences (Appendix: Table S2).
Overall sensitivity of each species regarding the assessed environmental factors was 
calculated in order to elucidate whether a specific species had a high or low overall 
sensitivity. The analyses for ranking species sensitivity to involved environmental 
factors consisted of four steps: (1) sub-setting the database to species for which 
habitat sensitivities were derived for all environmental factors (n = 19); (2) for each 
environmental factor, species were ranked based on their sensitivity and assigned a 
score; (3) summing up all assigned ranks of a single species for all seven environmental 
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factors; and (4) dividing the sum by the total number of ranks minus the number of 
included environmental factors yielding an overall sensitivity. Using this approach, 
species with the highest sensitivity received a score of 1 and the lowest received a 
score of 19 (Appendix: Table S3). In the case of minimum requirements of habitat 
factors, species with the lowest sensitivity received a score of 1 and the species with 
the highest sensitivity received a score of 19 (Appendix: Table S3). The overall species 
sensitivity ranged between zero and one, with zero indicating a species with a low 
sensitivity and one indicating a species with a high sensitivity to climate change-
related environmental factors. In addition, a separate overall sensitivity of species was 
calculated for the minimum and maximum values of environmental factors at which 
they were recorded.
6.3. RESULTS
6.3.1. Water temperature
Based on the minimum and maximum temperature of habitats, the potentially not 
occurring fraction (PNOF) for bivalves was lowest at 15.0°C (Figure 6.1A). Maximum 
habitat temperature records of bivalve species varied between 15.5 for Pisidium 
personatum and 37.0°C for Corbicula fluminea (Appendix: Table S1). The minimum 
habitat temperature was 0°C for Pisidium amnicum and Sphaerium corneum. The 
SSDs based on the maximum temperature ranges in habitats and water bodies did 
not significantly differ in average (t-value: −0.44; p-value: 0.66) and slope (F-value: 1.77; 
p-value: 0.19; Figure 6.1B; Table 6.2). A significant linear relation was found between the 
maximum temperature in water bodies and the maximum temperature of habitats of 
species (p-value: <0.001; R2: 0.38; Appendix: Table S2). No relation was found between 
the minimum temperature in water bodies and the minimum temperature of habitats 
of species (p-value: 0.23; R2: 0.06; Appendix: Table S2). The mean of the laboratory-
based SSD for temperature was significantly higher than the mean of the SSDs derived 
from maximum recorded values in habitats and water bodies (t-value: −5.92 and −6.00; 
p-value: 0.00 and 0.00, respectively). However, the slope was not significantly different 
(F-value: 0.042 and 0.61; p-value: 0.84 and 0.44, respectively). The mean of the alien 
species SSD for maximum habitat temperature was significantly higher than the mean 
of the SSD for native species (t-value: 2.32; p-value: 0.04; Figure 6.1C). No significant 
difference in slopes of these SSDs was found (F-value: 0.37; p-value: 0.55). The means 
and slopes of SSDs for minimum temperatures did not significantly differ between 
alien and native species. TA
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A
B
C
FIGURE 6.1  Sensitivity distribution for A) the minimum habitat temperature (blue 
line) and maximum habitat temperature (red line); B) maximum habitat temperature 
(orange), maximum water body temperature (dark red), and maximum laboratory 
tolerance (purple); C) the maximum habitat temperature of alien species (red line) 
and native species (blue line) of freshwater bivalve species and the 2.5% and 97.5% 
confidence intervals (dotted lines). The symbols represent species of the Corbiculidae 
(circles), Dreissenidae (triangles), Sphaeriidae (crosses), Unionidae (diamonds), and 
Margaritiferidae (plus signs). For each data point, the according species abbreviation 
is listed. Abbreviations of species are explained in Appendix: Table S1.
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6.3.2. Oxygen availability
The minimum dissolved oxygen level in habitats of bivalve species varied between 0 
for Mytilopsis leucophaeata and 10 mg.L-1 for Pisidium nitidum (Figure 6.2). For the 
majority of the species, the minimum dissolved oxygen level in their water bodies 
was close to zero. The laboratory-based tolerances ranged between survival for weeks 
at 0 mg.L-1 for Anodonta anatina and Anodonta cygnea up to a decreased ciliary 
beating at a minimum concentration of 2 mg.L-1 for Musculium transversum. The mean 
and slope of the laboratory-based minimum dissolved oxygen tolerances of species 
were significantly lower compared to that measured in their habitats (t-value: −7.07; 
p-value: 0.00 and F-value: 5.05; p-value: 0.03, respectively). The SSDs for water body-
based minimum dissolved oxygen level had a significantly lower mean than habitat-
based ones (t-value: −4.48; p-value: 0.00); however, their slope did not significantly 
differ. No apparent differences were found among the various bivalve families (Figure 
6.2; Appendix: Table S1). The mean and slope of SSDs for habitat-based minimum 
dissolved oxygen levels of alien and native freshwater bivalves did not significantly 
differ. A significant linear relation was found between the minimum dissolved oxygen 
level in water bodies and the minimum dissolved oxygen level of habitats of species 
(p-value: <0.01; R2: 0.36; Appendix: Table S2).
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FIGURE 6.2  Sensitivity distribution for the minimum dissolved oxygen level in habitats 
(light blue) and water bodies (red), and laboratory-derived tolerances (black) of 
freshwater bivalve species and the 2.5% and 97.5% confidence intervals (dotted lines). 
The symbols represent species of the Corbiculidae (circles), Dreissenidae (triangles), 
Sphaeriidae (crosses), Unionidae (diamonds), and Margaritiferidae (plus signs). For 
each data point, the according species abbreviation is listed. Abbreviations of species 
are explained in Appendix: Table S1.
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6.3.3. Water depth
Comparison of the SSDs for minimum and maximum water depth of habitats revealed 
that the PNOF of bivalve species was lowest at a water depth of 1 m (Figure 6.3A and B). 
The minimum water depth of habitats was close to zero for the majority of the species, 
whereas the maximum water depth varied from 0.25 m for Pisidium pseudosphaerium up 
to 350 m for Pisidium conventus (Appendix: Table S1). The mean and slope of SSDs for 
minimum and maximum water depth of habitats of alien and native freshwater bivalves 
did not significantly differ. All bivalve families were able to occur at shallow sites (Figure 
6.3A). However, the Corbiculidae, Unionidae, and Margaritiferidae were not found to 
occur at depths deeper than 31 m, and Dreissenidae and several Sphaeriidae were 
recorded at depths deeper than 100 m, up to 150 and 350 m, respectively (Figure 6.3B). 
A
B
FIGURE 6.3  Sensitivity distribution for A) the minimum habitat water depth of habitats 
(blue line); B) the log10 transformed maximum water depth of habitats (red line) of 
freshwater bivalve species and the 2.5% and 97.5% confidence intervals (dotted lines). 
The symbols represent species of the Corbiculidae (circles), Dreissenidae (triangles), 
Sphaeriidae (crosses), Unionidae (diamonds), and Margaritiferidae (plus signs). For 
each data point, the according species abbreviation is listed. Abbreviations of species 
are explained in Appendix: Table S1.
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6.3.4. Flow velocity
For flow velocity, only few measurements in habitats of species were available. 
Therefore, available data for habitats and water bodies of each species were merged. 
Minimum flow velocity was 0 cm/s for the majority of the species and highest (5 cm.s-1) 
for Unio crassus. Maximum flow velocity ranged from 25 to 664 cm.s-1 for P. personatum 
and Unio tumidus, respectively. The PNOF based on the minimum and maximum flow 
velocity was lowest at 10 cm.s-1 and steeply increased with increasing flow velocities 
(Figure 6.4A and B; Table 6.2). The mean and slope of SSDs for minimum and maximum 
flow velocity of alien and native freshwater bivalves did not significantly differ. No clear 
pattern was found between the occurrences of bivalve families and the minimum 
water body flow velocity (Figure 6.4A). At high flow velocities in particular Unionidae 
occurred, for other families no clear patterns were found (Figure 6.4B).
A
B
FIGURE 6.4  Sensitivity distribution for (A) the minimum water body flow velocity (blue 
line) and (B) the log10 transformed maximum water body flow velocity (red line) of 
freshwater bivalve species and the 2.5% and 97.5% confidence intervals (dotted lines). 
The symbols represent species of the Corbiculidae (circles), Dreissenidae (triangles), 
Sphaeriidae (crosses), Unionidae (diamonds), and Margaritiferidae (plus signs). For 
each data point, the according species abbreviation is listed. Abbreviations of species 
are explained in Appendix: Table S1.
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6.3.5. Air exposure
Only laboratory data were available for air exposure tolerances (i.e., vulnerability to 
desiccation). Three invasive species (298 entries), namely Dreissena polymorpha, 
Dreissena rostriformis bugensis, and C. fluminea, were overrepresented in the 
laboratory data. Moreover, since air exposure tolerance depends on temperature and 
relative humidity, only tolerances derived under similar environmental conditions were 
used. As a result, air exposure data were derived for eight species at 20°C with a relative 
humidity ranging between 68% and 75% (Appendix: Table S4). The derived endpoints 
included the lethal time until 50% and 100% mortality (LT50 and LT100, respectively) for 
all eight species (Table 6.2; Appendix: Figure S6).
6.3.6. Overall sensitivity
The rankings showed that S. corneum has the lowest overall sensitivity, indicating that 
this species has the broadest ranges of occurrences (Figure 6.5A). Interesting to note 
is the low overall sensitivity of the invasive C. fluminea and D. polymorpha. The highest 
overall sensitivity was found for Sphaerium rivicola, a species that is vulnerable for 
extinction according to the IUCN red list (Appendix: Table S5). Two other endangered 
species, U. crassus and Margaritifera margaritifera, also have a high overall sensitivity 
(Figure 6.5A). S. rivicola has the highest overall sensitivity when only minimum 
sensitivities are taken into account (Figure 6.5B). When only maximum sensitivities 
are taken into account, D. polymorpha has the lowest overall sensitivity, whereas M. 
margaritifera has the highest overall sensitivity (Figure 6.5C).
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A B C
FIGURE 6.5  Overall sensitivity of freshwater bivalves to climate-related environmental 
factors for A) both minimum and maximum sensitivities; B) minimum sensitivities and 
C) maximum sensitivities. The symbols represent the status of the species on the IUCN 
red list: least concern (square), vulnerable (triangle), and endangered (circle). For each 
data point, the species abbreviation is listed. Abbreviations of species are explained 
in Appendix: Table S1.
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6.4. DISCUSSION
6.4.1. Data deficiency and uncertainty
For the first time, SSDs of European freshwater bivalve species were derived for 
environmental factors that are affected by climate change. Despite acquiring 8405 data 
points, data were still lacking for several bivalve species. Minimum and maximum water 
depth of habitats have been acquired for 37 (66.1%) of 56 freshwater bivalve species 
that currently occur in Europe. Data on minimum and maximum habitat temperature, 
dissolved oxygen level, and flow velocity have been acquired for 32 (57.1%), 26 (46.4%), 
and 23 (41.1%) species, respectively. For only 8 (14.5%) of the European freshwater 
bivalve species, air exposure tolerance data were available. For species with a 
restricted distribution and high conservation statues, there was particularly limited 
data availability (Appendix: Table S1). It is important to study the range of occurrence 
of species for which this information is lacking (e.g., Margaritifera auricularia, Unio 
gibbus, and Pisidium edlaueri), as this allows for adequate and efficient conservation 
efforts.
Besides the lack of data for some species, another uncertainty was the variation 
among measurements of environmental factors and the lack of precise description 
of measurement procedures. Therefore, standardized protocols should be developed 
and used to monitor the physicochemical characteristics of habitat of species in a 
consistent way (Parsons et al. 2002, Hering et al. 2003).
The occurrence range of each species was based on the highest or lowest measured 
field values for each environmental factor, indicating that this species was not found 
at more extreme levels. Laboratory-derived tolerances have additional value but also 
their own limitations and may differ depending on the experimental setup (Kefford et 
al. 2004), experimental duration (Van den Brink et al. 2006, Brix et al. 2011, Santos et 
al. 2011), acclimatization time to environmental conditions such as temperature and 
warming rate (Hathaway 1928, McMahon 1996), and the origin of species (Larras et al. 
2016). Field-based environmental ranges of species occurrences may be more realistic 
to actually occurring environmental conditions compared to tolerances obtained in 
laboratory tests (Leung et al. 2005). However, effects of extreme events cannot be 
predicted by field data only. Laboratory-derived tolerances under extreme conditions 
can give an indication of species performance during extreme events with a limited 
time frame.
Under field conditions, species can be limited by several environmental factors that 
act independently or in combination (De Zwart and Posthuma 2005, Webb et al. 2008, 
Tockner et al. 2010). Our approach to derive occurrence ranges for each environmental 
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factor separately does not take these interacting effects into account. However, by 
using occurrence data from the entire known distribution of each species the chance of 
having a location, both in time and space, where only one of the studied environmental 
factors is limiting increases. Thus, the presented environmental ranges of occurrence 
are likely to represent the effect of one environmental factor at a time. Therefore, future 
studies that aim to derive field-based environmental range of occurrence should not 
limit the data to a specific geographic region, but include all environmental parameter 
measurements in combination with occurrence data across the known distribution of 
the assessed species.
The derived presence/absence data and thus the environmental range of 
occurrence are based on adult individuals. For fish, earlier studies have shown that 
there is a difference in sensitivity between different life stages to dissolved oxygen 
(Elshout et al. 2013). For bivalve species, often no indication of the life stage of the 
found species was given, and the assumption was made that all reported presence/
absence data were based on adults, unless clearly stated. Thus, there is an urgent 
need for environmental occurrence data for different life stages of bivalve species, as 
an increased knowledge will aid to setup conservation measures to ensure a healthy 
population of endangered species. This especially holds for glochidia, the parasitic life 
stage of unionids, that mature attached to the gills of freshwater fish and are expected 
to have different sensitivities compared to adults. 
6.4.2. Water temperature
The comparison between laboratory- and field data-based SSDs showed that the 
mean of temperature-based SSDs depends on the data source. However, the slope 
of the laboratory- and field data-based SSDs did not differ statistically, indicating 
that water body temperatures can be used as an indication of habitat sensitivities. 
This is supported by the linear relation found between the maximum temperature in 
water bodies and the maximum temperature of habitats of species, indicating that 
the same approach can be used on a species level. A study regarding the field data-
based temperature sensitivities of freshwater fish by Leuven et al. (2011) found the 
same mean minimum and maximum sensitivity compared to our habitat sensitivities 
(6°C and 26.6°C for fish and 6.2°C and 26.5°C for bivalves). The slope of maximum 
temperature sensitivities of freshwater fish was larger compared to the variation 
among bivalve sensitivities (6.55 and 4.88 for fish and bivalves, respectively). Since the 
slope is a measure for the effect of changing environmental conditions on the species 
pool, the similarity indicates that the PNOF increases with the same rate, independent 
of the used sensitivity endpoint. A similar pattern is visible between laboratory- and 
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mesocosm-derived sensitivities for several chemicals (Hose and Van den Brink 2004, 
Maltby et al. 2005). However, the laboratory tolerances are based on different endpoints 
(e.g., mortality and loss of ciliary function), thereby limiting the use of the laboratory 
data-based SSDs. The mean of the maximum habitat temperature for alien species 
was significantly higher than that for native species, which was also found for mollusc 
species inhabiting the river Rhine (Verbrugge et al. 2012a). Because climate change is 
expected to increase water temperatures (Quayle et al. 2002, Adrian et al. 2009, Van 
Vliet et al. 2013), a higher fraction of native species will potentially not occur in future 
situations compared to alien species. Previous research has shown that under the 
expected climate change, the native Pseudanodonta complanata (Rossmassler, 1835) 
would experience a decreasing range size, whereas the alien Dreissena polymorpha 
would have an increased range size (Gallardo and Aldridge 2013a). As the slope of 
both SSDs did not differ, the increase in PNOF will be equal for both species groups.
6.4.3. Oxygen availability
The mean of the minimum habitat dissolved oxygen and minimum water body 
dissolved oxygen SSD were significantly different. This is likely caused by lower 
sampling efforts during cold months resulting in higher minimum habitat dissolved 
oxygen levels compared to the water body range of occurrence. Though, the linear 
relation found between the minimum dissolved oxygen level in water bodies and the 
minimum dissolved oxygen level of habitats of species is an indication of the minimum 
dissolved oxygen level of a species based on the water body of occurrence. The 
minimum habitat dissolved oxygen and minimum water body dissolved oxygen SSD 
had a different mean and slope compared to minimum dissolved oxygen laboratory 
tolerances. The difference in shape is likely caused by the fact that dissolved oxygen 
concentration itself cannot go lower than zero, skewing the variation among water 
body range of occurrence toward one side. However, the laboratory tolerances are 
based on mortality, prolonged survival of the anoxic conditions, and decreased ciliary 
function endpoints, thereby limiting the use of the laboratory data-based SSDs.
Dissolved oxygen concentration depends on environmental conditions. The 
overexploitation of water and modification of flow can result in stagnant waters 
that have a decreased dissolved oxygen concentration (Baxter 1977, Gagnon et 
al. 2004). With increasing temperatures, the solubility of oxygen decreases (Weiss 
1970), decreasing the dissolved oxygen concentration. Moreover, pollution and 
eutrophication negatively impact the dissolved oxygen concentration in freshwater 
(Sánchez et al. 2007).
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Not only is there de facto an effect of environmental factors on dissolved oxygen 
concentration, but also a combined effect of environmental factors on the tolerance 
of species. Recently, thermal tolerance of several freshwater ectotherms was found 
to be dependent on oxygen availability (Verberk and Bilton 2011, Verberk and Calosi 
2012, Verberk et al. 2016). An effect of oxygen availability on thermal tolerance was 
also found for several freshwater gastropods (Koopman et al. 2016) and for a marine 
bivalve (Pörtner et al. 2006). Therefore, an attempt should be made to characterize 
the interacting effect of oxygen and temperature on freshwater bivalve tolerances and 
ranges of field occurrence.
6.4.4. Water depth
Freshwater bivalve species were found to inhabit a wide range of depths, ranging from 
shallow temporary pools with a depth of 0.25 m up to 350 m in lakes. Species with a 
narrow depth distribution will likely be more affected with the increasing variability in 
river discharges (Watson 2001, Sophocleous 2004) also influencing the water level in 
lakes and ponds. Under low discharge conditions, the species that occur in the littoral 
zone will be more affected compared to species that can occur in deeper waters or 
will migrate to deeper waters. The difference in shape between the minimum and 
maximum depth is likely caused by the fact that minimum depth cannot go lower than 
zero, reducing the variation among minimum depths.
6.4.5. Air exposure
Desiccation by air exposure was found to be the main environmental factor limiting the 
occurrence of bivalve species in rivers, lakes, and wetlands (Collas et al. 2014, Leuven 
et al. 2014). An increase in the frequency and intensity of droughts due to climate 
change is expected (Lehner and Döll 2001). Because data on effects of air exposure 
are relatively scarce (Tables 6.1 and 6.2), there is an urgent need to assess air exposure 
tolerance of freshwater bivalve species.
6.4.6. Flow velocity
The difference in shape between the minimum and maximum flow velocity is likely 
caused by the fact that minimum flow velocity cannot go lower than zero, reducing the 
variation among minimum flow velocities. No difference was found between SSDs for 
alien and native freshwater bivalves.
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6.4.7. Overall sensitivity
The analyses of overall species sensitivity increase understanding about which species 
will be affected by climate change. Our results show that endangered species (e.g., 
Unio crassus, Margaritifera margaritifera, and Sphaerium rivicola) will experience a 
high pressure by climate change, likely further decreasing their populations. The effect 
of climate change on occurrence of invasive species (C. fluminea and D. polymorpha) 
is expected to be low. These species are already widely spread.
6.4.8. Application
The derived SSDs can be used to determine the PNOF due to environmental 
conditions in a specific region (De Vries et al. 2008, Leuven et al. 2011, Verbrugge et 
al. 2012a, Collas et al. 2014). When the environmental conditions of a site are known 
in detail, a spatial analysis can be made of potential habitat suitability. Provided that 
endpoints are explicit and comparable, combining the potential habitat suitability of 
several environmental factors enables managers and researchers to pinpoint possible 
hotspots for local biodiversity. Though, caution is required as the interaction between 
environmental factors is not taken into account. The habitat suitability of freshwater 
ecosystems for bivalve species can be optimized using the SSDs to guide the physical 
reconstruction and management of habitats. For instance, shipping-induced variability 
in flow velocity in littoral zones of regulated rivers can be mitigated by replacing 
groynes by longitudinal training dams (Del Signore et al. 2016b, Collas et al. 2018b). At 
a species-specific level, the same approach can be used to a priori optimize habitats 
or to mitigate dominance of invasive bivalve species by taking the species-specific 
sensitivities for environmental conditions into account. Even at larger spatial scales, SSDs 
can be applied to determine the effects of future climate change on freshwater bivalve 
assemblages. Potentially not occurring fraction calculations for multiple environmental 
factors allow rankings of these factors and identification of the most limiting factor 
(Fedorenkova et al. 2012). Moreover, the derived environmental range of occurrence 
and tolerances of individual species can also be used to determine the species that 
are most vulnerable to climate change. This can be done for a combination of a single 
environmental factor and specific species, but also by taking all environmental factors 
and species into account using an overall sensitivity approach as demonstrated in this 
study. Applicability of the derived environmental range of occurrence is not limited 
to Europe as several species assessed originate from other continents (C. fluminea, 
Musculium transversum, Sinanodonta woodiana) or are invasive alien species at other 
continents (e.g., D. polymorpha, Dreissena rostriformis bugensis, and C. fluminea; 
Appendix: Table S6). Therefore, the present results are relevant for all continents. The 
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application of combining the sensitivity to single environmental factors into an overall 
sensitivity allows for an integrated assessment of multiple environmental factors. An 
overall sensitivity analysis enables the prioritization of species that urgently require 
conservation measures to prevent their demise. 
6.5. CONCLUSION
Using an extensive database, novel species sensitivity distributions (e.g., for water 
temperature, water depth, flow velocity) can be derived that can be used to estimate 
potential not occurring fractions of species pools in Europe. The data also allow 
to calculate the overall sensitivity of species to all assessed environmental factors 
allowing to predict which species will be most affected by climate change. The 
distinction between habitat- and water body-based data points proves unnecessary 
for deriving water temperature sensitivities. Though, for dissolved oxygen-level 
sensitivities, water body data points result in a lower sensitivity. After analyzing data 
deficiencies in the dataset, we recommend characterizing the environmental range 
of rare and endangered freshwater bivalve species both from a conservation and 
restoration perspective. Moreover, research should be performed on deriving ranges 
of occurrence for various bivalve life stages and other species groups of freshwater 
invertebrates (e.g., Gastropoda and Decapoda). As several environmental factors 
interact, the combined effect of multiple environmental factors on the range of 
occurrence and tolerance of species should also be assessed.
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TABLE S2   Linear regressions between water body range sensitivities and habitat 
sensitivities. Habitat sensitivity = slope * water body range sensitivity + intercept.
    Linear regression
Environmental 
factor
Data 
source
Endpoint Number 
of species 
(n)
Slope Intercept R2 p-value
Water temperature Field Minimum 26 0.08 0.32 0.06 0.23
  Field Maximum 30 0.49 14.24 0.38 0.00
Oxygen availability Field Minimum 25 0.54 -0.86 0.36 0.00
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TABLE S4  Available laboratory data on bivalve species sensitivities for maximum temperature, 
air exposure and dissolved oxygen.
  
Temperature 
(oC)
Air exposure 
tolerance (hours)
Dissolved oxygen 
(mg.L-1)
Species  maximum LT50 LT100 minimum
Corbicula fl uminea (Müller, 
1774) 36.0 224 562 0.50
Dreissena polymorpha (Pallas, 
1771) 42.3 16.0 41.8 1.50
Dreissena rostriformis 
bugensis
Andrusov, 
1897 42.8 21.7 45.2 0.10
Mytilopsis leucophaeata (Conrad, 
1831) 41.0 34.4 252  
Musculium transversum (Say, 
1829) 36.0     2.00
Pisidium casertanum (Poli, 
1791)   274 444 1.00
Pisidium obtusale (Lamarck, 
1818) 35.0      
Pisidium personatum Malm, 
1855 30.0 74.4 121  
Pisidium subtruncatum Malm, 
1855       1.00
Anodonta anatina (Linnaeus, 
1758) 30.0     0.00
Anodonta cygnea (Linnaeus, 
1758) 34.0     0.00
Sinanodonta woodiana (Lea, 
1834) 39.0      
Unio pictorum (Linnaeus, 
1758) 183 252  
Unio tumidus Philipsson, 
1788   173 302  
LT50: lethal time until 50% mortality; LT100: lethal time until 100% mortality.
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Sensitivity analyses
A sensitivity analysis was performed to assess the robustness of the presented SSD 
outcomes. The analysis was performed for each field data based SSD by drawing a 
random selection of acquired occurrences. The random selection of available data 
was performed with 1000 iterations for 5, 10, 15, 20, 25, 30 and 35 species occurrences. 
Subsequently, the SSDs were fitted to each randomly drawn dataset using the 
fitdistrplus package. The mean and shape (standard deviation) of the fitted SSDs 
per subset were then analyzed and compared to the overall SSD that included all 
available species occurrences. The robustness analyses revealed that including at least 
15 species occurrences resulted in a mean and shape that were similar to the SSD that 
included all data (Figure S1, S2, S3, S4 and S5). 
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FIGURE S1  Analyses of the robustness of the constructed SSDs based on subsets 
for the A) mean of the maximum habitat based temperature sensitivity; B) shape 
of the maximum habitat based temperature sensitivity; C) mean of the minimum 
habitat based temperature sensitivity and D) shape of the minimum habitat based 
temperature sensitivity. The dotted line depicts the actual mean and shape values of 
the constructed SSDs.
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FIGURE S2  Analyses of the robustness of the constructed SSDs based on subsets 
for the A) mean of the maximum waterbody based temperature sensitivity; B) shape 
of the maximum waterbody based temperature sensitivity; C) mean of the minimum 
waterbody based temperature sensitivity and D) shape of the minimum waterbody 
based temperature sensitivity. The dotted line depicts the actual mean and shape 
values of the constructed SSDs.
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FIGURE S3  Analyses of the robustness of the constructed SSDs based on subsets for 
the A) mean of the habitat based oxygen sensitivity; B) shape of the habitat based 
oxygen sensitivity; C) mean of the water body based oxygen sensitivity and D) shape 
of the water body based oxygen sensitivity. The dotted line depicts the actual mean 
and shape values of the constructed SSDs.
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FIGURE S4  Analyses of the robustness of the constructed SSDs based on subsets 
for the A) mean of the maximum depth sensitivity; B) shape of the maximum depth 
sensitivity; C) mean of the minimum depth sensitivity and D) shape of the minimum 
depth sensitivity. The dotted line depicts the actual mean and shape values of the 
constructed SSDs.
FIGURE S5  Analyses of the robustness of the constructed SSDs based on subsets for 
the A) mean of the maximum flow velocity sensitivity; B) shape of the maximum flow 
velocity sensitivity; C) mean of the minimum flow velocity sensitivity and D) shape of 
the minimum flow velocity sensitivity. The dotted line depicts the actual mean and 
shape values of the constructed SSDs.
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FIGURE S6  Sensitivity distribution for laboratory derived air exposure tolerance of 
freshwater bivalves at a temperature of 20 oC and relative humidity in the range of 68% 
- 75% at 50% mortality (blue line) and 100% mortality (red line) and the 2.5 and 97.5% 
confidence intervals (dashed lines). The symbols represent species of the Corbiculidae 
(circles), Dreissenidae (triangles), Sphaeriidae (crosses) and Unionidae (diamonds). For 
each data point the according species abbreviation is listed. Abbreviations of species 
are explained in Table S1.
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ABSTRACT
Laboratory data on desiccation tolerance of native and non-native mollusc species 
were used to derive species sensitivity distributions (SSDs), to predict effects of 
desiccation on mollusc assemblages in rivers during low discharge events and 
to prioritise various environmental stressors (i.e. desiccation, temperature and 
salinity). The predicted absence and observed absence of mollusc species by 
desiccation at a specific site were expressed as potentially not occurring fraction 
(PNOF) and not occurring fraction (NOF) of their regional species pool in the river 
Rhine. Calculations of PNOFs for desiccation explained 57% (LT
99
) and 65% (LT
50
) of 
the NOFs of the mollusc species. Sensitivity to desiccation did not differ between 
native and non-native mollusc species pools. Due to differences in frequency of 
low river discharge events and water level fluctuations, mollusc species in an 
impounded reach of the river Meuse were less affected by desiccation than in a 
free-flowing distributary of the river Rhine. Earlier calculations of the PNOFs for 
combined effects of temperature and salinity in the river Rhine explained 22 and 
3% of the NOFs of native and non-native species, respectively, for the period 1988–
2003. Accounting for the effects of desiccation, 62 and 80% of the NOFs of the 
native and non-native species pool, respectively, were explained, indicating that 
desiccation during low discharge events was an important stressor in comparison 
with water temperature or salinity.Since a relatively high percentage of the NOFs 
of native species in the river Rhine still remain unexplained, an effort to assess 
potential effects of other stressors is recommended (e.g. toxic substances or water 
turbulence caused by commercial shipping).
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7.1. INTRODUCTION
Climate and land-use changes result in deteriorations of global as well as continental 
hydrological cycles (Sophocleous 2004, Dore 2005, McMenamin et al. 2008). River 
discharge fluctuations are becoming more extreme due to climate change, land-use 
changes in catchments, river regulations and water management changes (Watson 
2001, Sophocleous 2004). Rivers are affected by an increase in the frequency and 
duration of extreme drought periods (Lehner and Doll 2001), which influences river 
discharges and water levels. The water level in regulated rivers is often maintained for 
navigation by hydraulic infrastructure such as dams, weirs and sluices. Low discharge 
events associated with extreme droughts affect the ecological functioning of the river 
channel itself as well as the waterbodies in the river floodplains. The latter receive their 
water through groundwater seepage, precipitation, flooding and/or inundation of the 
floodplain (Ward et al. 2002, Van Geest et al. 2005, Paira and Drago 2007).
Molluscs can be exposed to desiccation when littoral areas or entire waterbodies 
become dry at low river discharge. Riverine mollusc assemblages are nowadays often 
dominated by invasive non-native species (Leuven et al. 2009), and their predominance 
is expected to increase due to climate change (Rahel and Olden 2008, Verbrugge et al. 
2012a). However, severe decreases in native and non-native mollusc species have been 
found after summer and winter droughts (Gérard 2001, Gagnon et al. 2004, Golladay et 
al. 2004, Werner and Rothhaupt 2008).
To assess the impact of increased frequency and duration of extremely low river 
discharges in the future, data on desiccation tolerances of mollusc species are 
required. For several mollusc species, experimentally derived desiccation tolerances 
are available (Von Brand et al. 1957, Boyden 1972, Skoog 1976, Byrne et al. 1988, 
McMahon et al. 1993, Ricciardi et al. 1995, Paukstis et al. 1999, Darrigran et al. 2004, 
Richards et al. 2004, Ramakrishnan 2007, Richards and Arrington 2008, Havel 2011). 
However, these studies differ in experimental set-up and conditions, limiting the 
possibility of comparing desiccation tolerances of species and assessing the impact 
of drought periods. In addition, the available data mainly concern invasive non-native 
species, limiting the possibility to compare these data with tolerances of native species 
in European rivers, as has already been done for temperature and salinity (Verbrugge 
et al. 2012a).
Therefore, this study aims to provide a comprehensive overview of desiccation 
tolerances for a wide range of both native and non-native mollusc species by assessing 
tolerances at a specific temperature and relative humidity (RH). We hypothesised 
that desiccation by low river discharges during extreme drought periods will result 
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in a strong decline in species richness of local mollusc assemblages. In addition, a 
difference in sensitivity to desiccation between native and non-native species may be 
expected. Moreover, the effect of desiccation is expected to help in explaining local 
species composition in rivers, as has been previously assessed for temperature and 
salinity in the river Rhine by Verbrugge et al. (2012a). However, the effect of drought 
is expected to be less in the impounded sections of the river Meuse than in the free-
flowing river Rhine, as extremely low water levels in the river Meuse are mitigated 
by weir management. The quantitative approach used in this study enabled us to 
assess the impact of desiccation on mollusc species, which allowed us to prioritise 
different stressors (temperature, salinity and desiccation) and to understand spatial 
and temporal trends in species richness of mollusc assemblages in river systems.
7.2. MATERIALS AND METHODS
7.2.1. Desiccation experiments
The desiccation tolerance of 16 freshwater mollusc species occurring in the rivers 
Rhine and Meuse was assessed by laboratory experiments. Specimens of most of 
these species were collected at various sites in the river Meuse, except for Lymnaea 
stagnalis and Potamopyrgus antipodarum, which were taken from a floodplain lake 
of the river Rhine, and Mytilopsis leucophaeata, which was taken from the North Sea 
Canal, which is a part of Rhine system in the Netherlands (Appendix: Table S1). As 
the impounded river Meuse experiences smaller water level fluctuations, effects found 
were not the result of selection or adaptation of the collected species to desiccation in 
their natural habitat (Byrne and McMahon 1991). After transportation to the laboratory, 
molluscs were placed in aquaria with river water from the sampling sites. The aquaria 
were placed in a climate-controlled room at 4 °C. Acclimatisation time varied between 
24 and 96 h. Due to variability in species abundance at the sampling sites, different 
numbers of individuals per species were used in each experiment (Appendix: Table 
S2).
After the acclimatisation period, individuals of each species were blot-dried to 
remove moisture on their shells and then evenly distributed over a number of dry 
plastic tanks (15 × 10 × 5 cm). The tanks were covered by a lid with small air holes 
to prevent escapes and randomly placed in a climate chamber that was kept at 20 
°C with an average RH of 68.3 ± 4.4%. The experiment was carried out by exposing 
molluscs to desiccation for a predetermined period of time, followed by immersion to 
ascertain whether they were alive or dead. Specimens floating directly after immersion 
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were manually submerged with tweezers, releasing air from the shells. Bivalves were 
classified as dead after 24 h if stimulation of the mantel did not result in shell muscle 
contraction (Paukstis et al. 1999). Gastropods were classified as dead when the head 
and foot remained completely retracted into the shell after immersion. An additional 
criterion was the lack of movement during the 24 h after immersion (Chaniotis et al. 
1980) and the characteristic smell of decomposing body tissue.
7.2.2. Species sensitivity distributions
The experimental data on mortality rates at different exposure times to desiccation 
were used to calculate the lethal time (in hours) for 50% (LT50) and 99% (LT99) mortality 
(Table 7.1). The LT50 and LT99 values were calculated using a logistic regression for 
the following species: Ancylus fluviatilis, Bithynia tentaculata, Radix balthica, Radix 
auricularia, Stagnicola palustris, Valvata piscinalis, Viviparus viviparus, Unio tumidus, 
Unio pictorum, Physella acuta, Corbicula fluminea and Dreissena polymorpha. 
Tests were performed with the GLM function in R (R Core Team 2008, Dytham 2011, 
Miller 2012). For L. stagnalis, P. antipodarum, Dreissena rostriformis bugensis and M. 
leucophaeata, there was only one time step at which the mortality was not 0 or 100%, 
but intermediate; therefore linear regression and correlation with the LM function 
in R were used for these species. A number of the A. fluviatilis and D. polymorpha 
specimens were given longer acclimatisation times (24–96 h) than the other species (24 
h) due to longer transportation times from the collection site. Effects of acclimatisation 
time on mortality of A. fluviatilis and D. polymorpha were not significant (F-value = 
0.1332, df = 10, p-value = 0.723; F-value = 1.01, df = 4, p-value = 0.372, respectively, 
tested with the LM function in R). RH varied between 58 and 74% throughout the 
experiment, but the effect of variation in RH on mortality was not significant (F-value = 
1.008, df = 100, p-value = 0.3179) 
Desiccation tolerance of various species groups were quantified using species 
sensitivity distributions (SSDs). These statistical distributions describe the variation 
between species in their sensitivity to an environmental stressor (Posthuma et al. 
2002, Smit et al. 2008, Leuven et al. 2011, Verbrugge et al. 2012a, Elshout et al. 2013). 
Differences in sensitivity between native and non-native species, between bivalves and 
gastropods and between operculate and non-operculate gastropods were tested with 
the independent t-test function in R. The affected fraction by desiccation of the regional 
species pool was represented by the fraction of mollusc species that was predicted 
absent from the rivers Rhine and Meuse, expressed as the potentially not occurring 
fraction (PNOF; Van Zelm et al. 2007). PNOF values were obtained by calculating the 
location parameter (α) and the scale parameter (β) for both the LT50 and LT99 values. 
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The location parameter equals the sample means of the log-transformed tolerances. 
The scale parameter is based on the standard deviation of the log-transformed 
tolerances (eqn 1; Aldenberg and Slob 1993, De Zwart et al. 2006). Both parameters 
were then used to construct SSDs according to eqn 2, where x represents desiccation 
exposure in hours. The derived SSDs were then used to calculate PNOF values.
In addition, linear regressions with the LM function in R were performed to assess the 
relation between maximum shell length, maximum age and desiccation tolerance of 
species. Data on maximum shell length, maximum age, presence of an operculum 
and reproduction biology of species were acquired from literature and summarised in 
Appendix (Table S1).
7.2.3. Case studies
The rivers Rhine and Meuse were used for two case studies: (i) to assess the effects 
of extreme desiccation events and (ii) to analyse the spatial and temporal trends of 
desiccation on mollusc species. The river Rhine rises in the Swiss and Austrian Alps and 
flows through Germany, France and the Netherlands to the North Sea, with an average 
annual discharge of 2.300 m3s−1 that is supplied by rainwater as well as glacial meltwater 
(Uehlinger et al. 2009). Low flow and peak discharges range between 800 and 12.600 
m3s−1. Climate change is expected to increase discharges during the winter due to 
increased precipitation and snowmelt (Middelkoop et al. 2001). However, a reduction 
in snowmelt and an increase in evaporation are predicted during summer, resulting in 
an increase in the frequency and duration of extremely low discharges (Middelkoop 
et al. 2001). The river Meuse originates in France and flows through Belgium and the 
Netherlands to the North Sea, with an average discharge of 230 m3s−1. The river Meuse 
is mainly fed by rainwater and has a highly variable discharge making it sensitive to 
drought (Van Vliet and Zwolsman 2008). However, the river Meuse in the Netherlands 
is impounded in order to control this high variability in discharge and to maintain water 
levels for shipping.
7.2.4. Extreme events case study
SSD50 and SSD99 and data on river water levels were used to calculate spatial and 
temporal trends in the potentially not occurring fractions of mollusc species (PNOF50 
β =
√3
𝜋𝜋
∙ √(
1
𝑛𝑛−1
) ∑ (𝑥𝑥𝑖𝑖  − ?̅?𝑥)2
𝑛𝑛
𝑖𝑖=1  (1) 
 
PNOF =
1
1+𝑒𝑒
−(
𝑙𝑙𝑙𝑙𝑙𝑙10(𝑥𝑥)−𝛼𝛼
𝛽𝛽
)
  (2) 
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and PNOF99) in groyne fields of the rivers Rhine and Meuse. Groyne fields are defined as 
the riverine area between groynes. The latter are hydraulic engineering structures that 
have been constructed across river banks in order to prevent ice dams, increase water 
flow and decrease sedimentation in the main channel. The SSDs applied in temporal 
trend analyses were corrected for introductions of new non-native mollusc species in 
both rivers over the period 1900–2009 (Leuven et al. 2009, Verbrugge et al. 2012a). This 
approach increases the reliability of the SSDs for location-specific effects assessments 
(De Vries et al. 2008). Selected groyne fields were situated near Lobith along the river 
Rhine (latitude 51° 51′ 15.14″, longitude 6° 05′ 28.23″) and near Mook along the river 
Meuse (latitude 51° 44′ 31.36″, longitude 5° 52′ 57.40″) in the Netherlands; the average 
groyne height was 10.3 and 8.1 m a.s.l., respectively (Netherlands Directorate-General 
for Public Works and Water Management 2012). In order to assess the desiccation time 
of the entire groyne field, average height of the groynes was compared with the daily 
water level of the river Rhine at gauging station Lobith for the period 1900–2009. For 
the river Meuse, water levels were measured daily at gauging station Mook; however, 
insufficient data were available for the year 1944 and the period 1984–1996. Water level 
data were obtained from a web-based portal (www.waterbase.nl) for both gauging 
stations (Netherlands Directorate-General for Public Works and Water Management 
2009). When the water level was at least 2.5 m below the average groyne height, we 
assumed that the entire groyne field was desiccated. We used 2.5 m as a representative 
depth of an average groyne field. If the lowest water level noted each year coincided 
with desiccation of the entire groyne field, the consecutive desiccation period was 
counted and used to calculate the PNOFs. Temporal trends in PNOFs for the rivers 
Meuse and Rhine were derived using linear regressions with the LM function in R. In 
addition, differences in PNOF trends between the periods 1900–1942 and 1943–2009 
for the river Meuse were assessed with an independent t-test.
7.2.5. Spatial and temporal dimensions of desiccation
Data derived from the experiments were also used to model the spatiotemporal effect 
of desiccation in the above-mentioned groyne fields in the rivers Rhine and Meuse. 
PNOFs of molluscs in the river Rhine were calculated by comparing the daily water 
levels in a specific year with the average water level throughout 1900–2009. The same 
method was applied for the river Meuse; however, the average water level was based 
on a shorter period (1943–2009) because seven dams were built in the river between 
1900 and 1942. Desiccation was defined as the number of hours water levels were 
lower than a certain depth. The desiccation period was assessed for different depths of 
habitat throughout the year. Scale and location parameters, α and β, were calculated 
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with the LT99 values without the presence of the invasive mussel D. rostriformis 
bugensis, since in the modelled years, the species had not invaded the rivers Rhine 
and Meuse. The species M. leucophaeata was not included in the river Meuse model 
as the species was not found in this river. LT99 values were chosen to gain insight into 
the most extreme effect of desiccation.
7.2.6. Combined effect of temperature, salinity and desiccation
The observed absence of species due to desiccation at a specific site was expressed 
as the not occurring fraction (NOF) of the regional species pool. NOFs of species 
were derived using field survey data from the river Rhine at Lobith (Verbrugge et al. 
2012a). All available species occurrence data for this location for the period 1988–
2003 were pooled per year and subsequently used for linear regression analyses of 
NOFs. The relative contributions of PNOFs for individual and multiple stressors to 
NOFs were calculated for the native, non-native and entire mollusc species pool per 
year. Verbrugge et al. (2012a) assessed the individual and combined effects of changes 
in salinity and temperature on the potential occurrence of mollusc species. In our 
study, the effects of desiccation and the combined effects of salinity, temperature and 
desiccation were estimated according to Traas et al. (2002) as follows:
where letters T, S and D indicate temperature, salinity and desiccation, respectively. 
PNOF values used for desiccation were based on the SSD99 since Verbrugge et al. 
(2012a) used maximum tolerance levels, which result in a 100% disappearance per 
species. According to eqn 3, temperature, salinity and desiccation effects are assumed 
to be independent. However, the interaction between temperature and salinity is 
complex (Brenko and Calabrese 1969, Bradley 1975, Wright et al. 1996, Verween et 
al. 2007), and the precise interaction between desiccation and these two stressors is 
also unknown. The effects of salinity and temperature calculated by Verbrugge et al. 
(2012a) were not specifically calculated for an entire groyne field, but for a specific 
monitoring site in the river Rhine at Lobith.
PNOFTSD = 1 − (1 − PNOFT)  ∗  (1 − PNOFS)  ∗  (1 − PNOFD)     (3) 
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TABLE 7.1  Calculated lethal time values in hours for 50 and 99% mortality (LT50 and LT99) 
of native and non-native molluscs using experimental data (* p-value < 0.05; **p-value 
< 0.01; *** p-value < 0.001; ns if p-value > 0.05).
Species Family LT50
(in hours)
LT99
(in hours)
p-valuea
Natives
Ancylus fl uviatilis 
Müller, 1774)
Ancylidae 8.60 17.2 **
Bithynia tentaculata 
(Linnaeus, 1758)
Bithyniidae 143 434 ***
Radix balthica 
(Linnaeus, 1758)
Lymnaeidae 41.8 77.7 ns
Radix auricularia 
(Linnaeus, 1758)
Lymnaeidae 19.4 82.4 ns
Stagnicola palustris 
(Müller, 1774)
Lymnaeidae 28.4 46.1 ns
Lymnaea stagnalis 
(Linnaeus, 1758)
Lymnaeidae 44.8 67.9 ns
Valvata piscinalis
(Müller, 
1774)
Valvatidae 41.8 100 ***
Viviparus viviparus 
Linnaeus, 1758)
Viviparidae 35.7 93.0 ns
Unio tumidus 
Philipsson, 
1788
Unionidae 173 302 ***
Unio pictorum 
(Linnaeus, 
1758)
Unionidae 183 252 **
Non-natives
Potamopyrgus antipodarum 
(Gray, 1843)
Hydrobiidae 21.1 43.5 ns
Physella acuta 
(Draparnaud, 1805)
Physidae 16.5 36.7 *
Corbicula fl uminea
(Müller, 
1774)
Corbiculidae 224 562 ***
Dreissena polymorpha 
(Pallas, 1771)
Dreissenidae 16.0 41.8 *
Dreissena rostriformis 
bugensis (Andrusov, 1897)
Dreissenidae 21.7 45.2 ns
Mytilopsis leucophaeata 
(Conrad, 1831)
Dreissenidae 34.3 68.6 *
a Statistical signifi cance of logistic or linear regression for the survival percentage and 
exposure time of each species.
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7.3. RESULTS
7.3.1. Species sensitivity distributions
LT50 values of native species ranged from 8.60 to 183 h, whilst values for non-native 
species ranged from 16.0 to 224 h (Table 7.1; Figure 7.1 and 7.2A). LT99 values varied 
between 17.2 and 434 h for native species and between 36.7 and 562 h for non-native 
species (Table 7.1; Figure 7.1 and 7.2B). Distribution of desiccation tolerance (both 
the LT50 and LT99) did not differ significantly between native and non-native species 
(Appendix: Table S3). However, a significant difference was found between the LT50 and 
LT99 values. SSDs were also constructed based on other species divisions (Table 7.2). No 
significant difference was found between gastropods and bivalves with respect to LT50 
and LT99 (Appendix: Table S3). In addition, no significant difference was found between 
LT50 or LT99 of gastropods with or without an operculum. LT50 increased significantly 
with increasing maximum shell length (Appendix: Table S3). However, no increase 
in tolerance with increasing maximum shell length was found when log-transformed 
LT99 tolerances were used. In addition, LT50 and log-transformed LT99 tolerance values 
significantly increased with the maximum age reported for individuals of species.
7.3.2. Extreme events case study
A significant increase in desiccation PNOFs was found over the period 1900–2009 in 
the river Rhine for both the SSD50 and SSD99 (p-value < 0.001; Table 7.3). A difference 
in desiccation PNOF trends for the river Meuse was found between the periods 1900–
1942 and 1943–2009 (Appendix: Figure S1; Table S4 and Figure S2). Impoundment 
occurred between 1900 and 1942, which resulted in a significant decrease in PNOF 
trends for both the SSD50-and SSD99-based calculations (p-value < 0.001; Table 7.3). 
After the impoundment was completed (1943–2009), a significant decrease in PNOF 
was found based on SSD50 values (p-value < 0.05; Table 7.3). When the SSD99 was 
used, no significant decrease was found (p-value > 0.05). Both the PNOF50 and PNOF99 
values in the period 1943–2009 were significantly lower than in the period 1900–1942 
(t-test: p-value < 0.001).
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A. fluviatilis B. tentaculata R. balthica R. auricularia
V.viviparusV. piscinalisL. stagnalisS. palustris
P. acutaP. antipodarumU. pictorumU. tumidus
C. fluminea D. polymorpha D. rostriformis bugensis M. leucophaeata
FIGURE 7.1  Sensitivity of 16 mollusc species in desiccation experiments. Depending 
on data availability, logistic regression (Ancylus fluviatilis, Bithynia tentaculata, Radix 
balthica, Radix auricularia, Stagnicola palustris, Valvata piscinalis, Viviparus viviparus, 
Unio tumidus, Unio pictorum, Physella acuta, Corbicula fluminea and Dreissena 
polymorpha) or linear regression (Lymnaea stagnalis, Potamopyrgus antipodarum, 
Dreissena rostriformis bugensis and Mytilopsis leucophaeata) was applied.
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TABLE 7.2  Location and scale parameters of species sensitivity distributions based 
on log-transformed lethal time values for 50% (LT50) and 99% (LT99) mortality.
Tolerance
indicator 
Species group α β N Tolerance 
range
(in hours)
LT50 Gastropoda 1.48 0.18 10 8.60–143
Bivalvia 1.82 0.29 6 16.0–224
LT99 Gastropoda 1.83 0.20 10 17.2–434
Bivalvia 2.12 0.26 6 41.8–562
LT50 Gastropoda with operculum 1.66 0.19 4 21.1–143
Gastropoda without operculum 1.36 0.15 6 8.60–44.8
LT99 Gastropoda with operculum 2.06 0.23 4 43.5–434
Gastropoda without operculum 1.68 0.14 6 17.2–82.4
LT50 All species 1.61 0.24 16 8.60–224
LT99 All species 1.94 0.23 16 17.2–562
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FIGURE 7.2  Species sensitivity distributions for desiccation tolerances of native and 
non-native mollusc species based on A) LT50 values (Native: n = 10; α = 1.68, β = 0.24; 
non-native: n = 6; α = 1.49, β = 0.24) and B) LT99 values (Native: n = 10; α = 2.00, β = 
0.23; non-native: n = 6; α = 1.84, β = 0.25). Af: Ancylus fluviatilis; Pa: Physella acuta; Dp: 
Dreissena polymorpha; Drb: Dreissena rostriformis bugensis; Sp: Stagnicola palustris; 
Ls: Lymnaea stagnalis; Ml: Mytilopsis leucophaeata; Rb: Radix balthica; Ra: Radix 
auricularia; Vv: Viviparus viviparus; Vp: Valvata piscinalis; Up: Unio pictorum; Ut: Unio 
tumidus; Bt: Bithynia tentaculata, and Cf: Corbicula fluminea.
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FIGURE 7.3  Groyne height, average water leven and maximum depth of the groyne 
field in the river Rhine at Lobith in a year (2003) with extremely low discharges A) and 
a reference year (2002) with an average discharge pattern B) and in the river Meuse at 
Mook in a year (1997) with extremely low discharges C) and a reference year (2002) with 
an average discharge pattern D). * above average sea level.
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7.3.3. Spatial and temporal dimensions of desiccation
The model showed that desiccation events during years with an average discharge 
(2002) occurred frequently in habitats up to 1.5 metres below the average Rhine water 
level (Figure 7.3B). The effect of desiccation was more pronounced and the effect was 
found at a larger depth during an extremely low discharge year (2003) than during an 
average year. Similar desiccation events were not found to occur in the river Meuse. 
However, desiccation events in the river Meuse were found to have a profound 
effect during extremely low discharge years (1997) when the water level could not be 
maintained in the impounded river section (Figure 7.3C).
7.3.4. Combined effect of temperature, salinity and desiccation
Desiccation explained between 57% (PNOF99) and 65% (PNOF50) of the NOF of the 
entire mollusc species pool. Combined effects of temperature and salinity derived 
by Verbrugge et al. (2012a) and PNOF99 desiccation data from our study resulted in a 
significant increase (p-value < 0.05; Table 7.3) in PNOFTSD for the native species during 
the period 1960–2009 (Figure 7.4A). However, during the same period, no significant 
effect was found for the non-native species (Figure 7.4B). Inclusion of desiccation stress 
increased the explained percentage of the NOFs of native species from 22 to 62% and 
that of non-native species from 3 to 80%.
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FIGURE 7.4  Linear regressions of the field survey based on not occurring fraction 
(NOF) and potentially not occurring fraction (PNOF) of native species A) and non-
native species B) calculated for the salinity, temperature, desiccation and combined 
effect of these stressors in the river Rhine at Lobith in the Netherlands.
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TABLE 7.3  Statistical specifi cations of linear regressions for potentially and actually not occurring fractions of various mollusc 
species pools in rivers derived from species sensitivity distributions for individual and combined effects of environmental 
stressors (* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; ns if p-value > 0.05).
River Effect indicator Species pool Period SSD Slope Intercept R2 p-value
Meuse PNOFD All 1900–1942 LT50 −1.91E
−02 3.75E+01 0.28 ***
PNOFD All 1900–1942 LT99 −1.99E
−02 3.88E+01 0.33 ***
PNOFD All 1943–2009 LT50 −5.07E
−03 1.02E+01 0.08 *
PNOFD All 1943–2009 LT99 −3.82E
−03 7.68E+00 0.07 ns
Rhine PNOFD All 1900–2009 LT50 5.75E
−03 −1.10E+01 0.21 ***
PNOFD All 1900–2009 LT99 5.22E
−03 −1.00E+01 0.20 ***
PNOFS
a Native 1977–2009 LCfi eld −9.98E
−04 2.03E+00 0.65 ***
PNOFT
a Native 1960–2009 LCfi eld 3.29E
−03 −6.42E+00 0.19 **
PNOFD Native 1960–2009 LT99 5.09E
−03 −9.75E+00 0.20 ***
PNOFTSD Native 1960–2009 Various 7.62E
−03 −1.47E+01 0.08 *
PNOFS
a Non-native 1977–2009 LCfi eld −3.78E
−04 7.67E−01 0.65 ***
PNOFT
a Non-native 1960–2009 LCfield 8.65E
−05 −1.69E−01 0.15 **
PNOFD Non-native 1960–2009 LT99 5.33E
−03 −1.02E+01 0.19 ***
PNOFTSD Non-native 1960–2009 Various 6.57E
−03 −1.27E+01 0.04 ns
Rhine NOFa Native 1988–2003 n.a. 2.01E−02 −3.93E+01 0.65 *
NOFa Non-native 1988–2003 n.a. −1.03E−03 2.60E+00 0.00 ns
NOF All 1988–2003 n.a. 1.53E−02 −2.98E+01 0.61 ***
Meuse PNOFD All 1900–1942 LT50 −1.91E
−02 3.75E+01 0.28 ***
PNOFD All 1900–1942 LT99 −1.99E
−02 3.88E+01 0.33 ***
PNOF subscripts D, S, T and TSD indicate desiccation, salinity, temperature and combined effects of these stressors.
PNOF: Potentially not occurring fraction of species; NOF, not occurring fraction of species based on fi eld survey data. 
SSD: species sensitivity distribution based on various measures of mortality.
LT50 and LT99: lethal time values (in hours) for 50 and 99% mortality, respectively.
LTfi eld: upper tolerance values for the maximum temperature (°C) or salinity (PSU) at which species were recorded in 
the fi eld. Various: LT99 for desiccation and LTfi eld values for temperature and salinity tolerance. 
n.a. : not applicable.
a Data acquired from Verbrugge et al. (2012a).
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7.4. DISCUSSION
In this study, experimental-based SSDs were derived to assess location-specific 
effects of desiccation resulting from low river discharges on mollusc species richness. 
Molluscs exposed to desiccation must cope with the change from aquatic to aerial 
gas exchange. They can close their valves and withdraw into their shell to prevent 
water loss. However, this requires anaerobic respiration, which is inefficient (McMahon 
1988, Byrne et al. 1990). Alternatively, they can open their valves and expose their 
foot, which enables the usage of efficient aerobic respiration, but which increases the 
evaporation (McMahon 1988, Byrne et al. 1990). In addition, aerial respiration affects 
the acid–base balance, ion regulation and excretion (Byrne and McMahon 1991). 
Eventually, dehydration, lack of oxygen and energy will result in mortality of molluscs 
due to desiccation.
Temperature and RH were controlled during our experiments. The spatiotemporal 
variability of these factors in ecosystems may affect desiccation tolerance of molluscs. 
Increased temperatures decrease tolerance levels, whereas higher RH increase 
tolerance levels (Boyden 1972, Byrne et al. 1988, McMahon et al. 1993, Ricciardi et al. 
1995, Darrigran et al. 2004, Richards et al. 2004, Havel 2011). Moreover, desiccation 
tolerance is also determined by shell size of the specimens used for experiments. For 
instance, additional experiments on the effect of size classes of D. rostriformis bugensis 
and M. leucophaeata showed that smaller individuals died faster than larger individuals, 
which agrees with other molluscan studies (Iwasaki 1997, Paukstis et al. 1999, Montalto 
and Ezcurra de Drago 2003, Richards and Arrington 2008, Havel 2011, Van Leeuwen 
and Van der Velde 2012). Earlier mortality of smaller individuals and species is caused 
by their higher metabolic rate per body mass compared to larger individuals. Body 
size and metabolic rate show allometric scaling (McMahon 1996). When experiencing 
desiccation, molluscs switch to anaerobic metabolism resulting in acidic by-products, 
which are then buffered by bicarbonate by shell breakdown (McMahon 1988, Paukstis 
et al. 1999). Smaller individuals and species are thus disproportionately exposed to 
acidic by-products and shell breakdown, resulting in lower tolerance to desiccation. 
However, under field conditions, smaller individuals show a higher tolerance to 
desiccation than larger molluscs (Tucker et al. 1997). A small shell size enables molluscs 
to settle into the space between pebbles on the gravel/mud substratum.
The presence of an operculum is often assumed to be a physiological adaptation 
resulting in increased tolerance to desiccation in gastropods. The advantage of 
having an operculum, in combination with a thick shell and behaviour that decreases 
evaporation, is that water is lost at a lower rate (Schaefer et al. 1968, Skoog 1976). 
However, in our study, desiccation tolerance of groups of species with or without 
533915-L-bw-Collas
Processed on: 2-8-2019 PDF page: 155
155
 7
an operculum did not differ significantly, which agrees with those of an earlier 
study (Van Leeuwen and Van der Velde 2012). Besides environmental factors and 
physiological characteristics, behaviour can influence tolerance to desiccation. During 
the experiments, species with an operculum did not move, whilst species without an 
operculum were active. In desiccating ecosystems, this behavioural response increases 
the chance to reach water or wet refugia, positively affecting survival rates. Other 
behavioural strategies of molluscs are burial (Byrne et al. 1990) and the formation of 
dense overlapping layers of individuals, which create moist microhabitats that increase 
survival during droughts (Montalto and Ezcurra de Drago 2003, Richards and Arrington 
2008). Conversely, trematode infections are known to decrease tolerance to desiccation 
(Jensen et al. 1996). In general, the desiccation tolerances found in our study include 
basic strategies to cope with desiccation, except avoidance behaviour, which was not 
included. More studies are needed to quantify effects of different avoidance behaviour 
on desiccation survival.
Potentially not occurring fractions of mollusc species in groyne fields during 
extremely low and reference river discharges were calculated to assess the temporal 
and spatial effect of desiccation events. Desiccation of molluscs can be prevented by 
burial behaviour (Byrne et al. 1990) and availability of specific microhabitats, such as 
debris (Gagnon et al. 2004, Richards and Arrington 2008), layers of living and dead 
molluscs (Byrne and McMahon 1991, Montalto and Ezcurra de Drago 2003) and stones. 
These refuges are characterised by a lower temperature and higher RH than ambient 
conditions. These effects were not included in our calculations, possibly resulting in 
overestimations of the PNOFs. One could also argue that movement of molluscs, 
especially gastropods without operculum, towards available water is not accounted 
for in our calculations.
The most important stressor that was not included in the calculation of the PNOFs 
is that of air temperature at the moment of desiccation. The PNOFs were derived from 
SSDs based on experiments at 20 °C mimicking summer conditions. Severe winter 
droughts and heat waves may cause higher mortality rates of molluscs (Boyden 1972, 
Skoog 1976, Byrne et al. 1988, McMahon et al. 1993, Ricciardi et al. 1995, Paukstis et 
al. 1999, Richards et al. 2004, Richards and Arrington 2008). Montalto and Ezcurra de 
Drago (2003) found a lower tolerance to desiccation in the field than in the laboratory 
due to restricted variation in temperature and RH during the experiments. In addition, 
the temporal and spatial PNOF calculations assumed that recolonisation is possible 
after a desiccation event. However, desiccation often occurs during the reproductive 
period of molluscs (April–October), thereby limiting the reproductive success and 
recolonisation opportunities (Appendix: Table S1).
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Trend analyses showed an increase in extreme desiccation events in the river Rhine 
at Lobith. This increase might be due to global warming and land-use changes (Karl 
and Trenberth 2003, Sophocleous 2004, Dore 2005, Pachauri and Reisinger 2007, 
Kundzewicz et al. 2008). The main Rhine distributary in the Netherlands is still a free-
flowing river. By contrast, the occurrence of extreme desiccation events in the river 
Meuse at Mook has decreased over the years 1900–1942 due to the construction of 
weirs.
Results of the temporal and spatial PNOF analyses also showed that impoundment 
of rivers decreased the desiccation impact as the water level is maintained, although 
desiccation events can still occur during extreme droughts as occurred in 1997 in the 
river Meuse catchment. Events in impounded rivers can still have a profound impact on 
the mollusc populations; however, as the frequency of these events decreases, the time 
for re-establishment between events increases. Effects of desiccation are expected 
to increase in the river Rhine, due to increased evaporation and decreased snow 
storage during winter, resulting in an increased duration and frequency of periods with 
extremely low discharge regimes (Middelkoop et al. 2001).
Desiccation explains between 57 and 65% of the NOF of the entire mollusc species 
pool. Therefore, desiccation can be considered as an important stressor influencing 
the mollusc species richness and composition in groyne fields of the river Rhine. 
This is clearly demonstrated by comparison of the combined effect of temperature, 
salinity and desiccation with the NOF of native species. Including desiccation stress 
increased the explained percentage of the NOF of native species from 22 to 62%. 
Moreover, addition of desiccation stress increased the explained percentage of the 
NOF of non-native species from 3 to 80%. Management of desiccation events may be 
a potential method for the control of non-native species (Tucker et al. 1997, Mouthon 
and Daufresne 2006, Werner and Rothhaupt 2008).
Several authors discuss regime shifts in aquatic ecosystems caused by multiple 
stressors, such as hydrological change, salinisation, eutrophication and acidification 
(Scheffer and Carpenter 2003, Gordon et al. 2008). Davis et al. (2010) state that 
multiple stressors can create multiple thresholds that may act in a hierarchical 
fashion in shallow, lentic ecosystems. The resulting regime shifts may follow different 
models and trajectories of recovery. Therefore, it is important to determine how 
close ecosystems may be to critical thresholds and which processes are essential 
for maintaining or restoring the system. Our results predominantly show threshold 
responses when mollusc species are experimentally exposed to desiccation. This also 
holds for salinisation and rising water temperature (Verbrugge et al. 2012a). A relatively 
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high percentage of NOF of native species in the river Rhine still remains unexplained, 
suggesting that other stressors are also likely important (e.g. toxic substances or water 
turbulence caused by commercial shipping).
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APPENDIX
TABLE S1  Characteristics of species used in experiments and available literature data on their life history traits. 
 Characteristics of individuals used 
in experiments
Species traits
Species Sampling 
site§
Average shell 
length ± SD 
(mm)
N Maximum 
shell 
length 
(mm)
Age 
(months)
Eggs Eggs in 
capsule
Maturity 
(months)
Reproductive 
period 
(months)
Start 
reproduction
Operculum
Native    
Ancylus fl uviatilis 1 n.d. 68 10.6 24 4-12 + 5 March -
Bithynia 
tentaculata 2;3
7.1 ± 1.6 
(n=58) 425 12 36 40-60 + 5 April +
Radix balthica * 3
9.6 ± 1.5 
(n=18) 18 31 15 188 + 6 April -
Radix auricularia 3
13.1 ± 2.0 
(n=16) 16 35 60-475 + -
Stagnicola 
palustris 4
10.1 ± 2.3 
(n=21) 21 20 36 + -
Lymnaea 
stagnalis 5
33.5 ± 5.6 
(n=9) 9 70 84 4-200 + 3 7 April -
Valvata piscinalis 3
3.8 ± 0.8 
(n=30) 70 6 24 4-49 + 12 8 March +
Viviparus 
viviparus+ 3
9.4 ± 1.8 
(n=15) 15 39 132 2-10 - 12 Continuous +
Unio tumidus 6
63.4 ± 8.6 
(n=67) 67 125 180 200,000a 3b Aprilb
Unio pictorum 6
63.3 ± 8.5 
(n=50) 50 110 180 200,000a 3b Aprilb
   
Non-native    
Potamopyrgus 
antipodarum† 5
4.6 ± 0.3 
(n=22) 25 5.8 24 80-200 - 5 4 June -
Physella acuta‡ 3;4
7.9 ± 2.6 
(n=23) 24 19 14 18-50 + 2 +
Corbicula 
fl uminea 6
22.5 ± 5.1 
(n-89) 89 33 84
8,000-
6,900 6-10 7 April
Dreissena 
polymorpha 2
12.6 ± 4.6 
(n=48) 49 50 60 4000000 6-24c 6 May
Dreissena 
rostriformis 
bugensis 1;7
13.6 ± 3.9 
(n=134) 140 34g 48d
1,000,000-
1,333,333e 12f 7e Aprile
Mytilopsis 
leucophaeata 8
14.9 ± 3.2 
(n=52) 52 23 48       5 June  
References included: a Wächtler et al. (2001); b Aldridge (1999); c McMahon (2002); d Hubenov and Trichkova (2007); e Stoeckmann (2003); f Keller et al. (2007); 
g unpublished observation; all other data is acquired from Gittenberger et al. (2004).
+: Species is regarded as non-native in Germany and the Upper Rhine (Kinzelbach 1995; Bernauer and Jansen, 2006). However, non-native status is disputed for the 
Rhine river distributaries in the Netherlands as fossil remnants of this species have been found (Gittenberger et al. 2004).
*Synonymous with Radix ovata/peregra.
‡Synonymous with Physa acuta, Haitia acuta, Physella costatella, Physa integra and Physella heterostropha (Gittenberger et al. 2004; Dillon et al. 2002).
†Synonymous with Potamopyrgus jenkinsi.
§Numbers correspond with site description in Table S1.
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Operculum
+: Species is regarded as non-native in Germany and the Upper Rhine (Kinzelbach 1995; Bernauer and Jansen, 2006). However, non-native status is disputed for the 
TABLE S2  Sampling sites of molluscs used in desiccation experiments.
Sampling 
sites
Water body Geographic 
location
Lattitude Longitude
1 river Meuse Mook 51° 44’ 31.36” 5° 52’ 57.40”
2 river Meuse Eijsden 50° 46’ 35.66” 5° 41’ 56.94”
3 river Meuse Eijsden 50° 47’ 40.99” 5° 41’ 42.94”
4 river Meuse, fl oodplain lake Eijsden 50° 47’ 38.39” 5° 41’ 48.35”
5 river Rhine, fl oodplain lake Nijmegen 51° 51’ 12.22” 5° 53’ 17.74”
6 river Meuse, fl oodplain lake Mook 51° 43’ 44.13” 5° 55’ 7.32”
7 Meuse-Waal canal Nijmegen 51° 49’ 36.81” 5° 48’ 26.10”
8 North Sea canal Spaarndam 52° 25’ 35.17” 4° 42’ 26.40”
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Effects of desiccation on native and non-native molluscs in rivers
FIGURE S1  Potentially not occurring fractions (PNOFs) of mollusc species in the river 
Rhine at Lobith and river Meuse at Mook calculated using the consecutive days per 
year that an entire groyne field was desiccated and species sensitivity distributions 
derived from LT50 values (A: Rhine; C Meuse) and LT99 values (B: Rhine; D Meuse) for 
the period 1900-2009. 
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TABLE S4  Specifi cations, explained variance and signifi cance of linear regressions of 
yearly maximum, minimum and range of water levels in rivers (*p-value < 0.05; ** 
p-value < 0.01; *** p-value < 0.001; ns if p-value > 0.05).
River / Location Water level Slope (a) Intercept (b) R2 p-value
Rhine at Lobith
Minimum -1.63E-02 4.05E+01 0.51 ***
Maximum -5.81E-03 2.59E+01 0.03 ns
Difference 1.05E-02 -1.45E+01 0.09 *
Meuse at Mook
(1900-1942) Minimum 3.55E-02 -6.25E+01 0.22 **
Maximum -2.74E-02 6.37E+01 0.16 **
Difference -6.29E-02 1.26E+02 0.37 ***
Meuse at Mook
(1943-2009) Minimum 2.20E-02 -3.67E+01 0.14 **
Maximum -1.06E-02 3.03E+01 0.05 ns
  Difference -3.26E-02 6.69E+01 0.22 ***
FIGURE S2  A) Water level in the river Rhine during the period 1900-2009.  
B) Water level in the river Meuse during the period 1900-2009. * above average sea 
level.
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Daily temperature heterogeneity in a side channel and the influence on habitat suitability of freshwater fish
ABSTRACT
Globally, rising water temperatures in rivers are increasingly negatively 
affecting biodiversity in riverine ecosystems. Exceedance of thermal tolerance 
levels of species is expected to impoverish local species assemblages. Reliable 
predictions of the effect of increasing water temperature on habitat suitability 
require detailed temperature measurements over time. We assessed (1) the 
accuracy of high-resolution maps of water temperature in the littoral zone and 
in a side channel derived from a consumer-grade thermal camera mounted on an 
unmanned airborne vehicle (UAV), and (2) the associated habitat suitability for 
native and alien fish assemblages. During a hot summer day, surface temperatures 
were mapped four times and calibrated with 24 in situ temperature loggers 
in the water at 0.1 m below the surface using linear regression. The calibrated 
thermal imagery was used to calculate the potentially occurring fraction (POF) of 
freshwater fish using species sensitivity distributions (SSDs). The accuracy was 
0.53 °C over all flights (R2 = 0.94). Average daily POF was 0.53 and 0.65 for native 
and alien fish species in the side channel. Heterogeneity in temperature was 
higher in the side channel than in the littoral zone of the groyne fields. Higher 
temperatures in littoral zones facilitate growth of fish larvae, whereas deeper 
parts may function as cold water refugia for adult fish during extreme hot summer 
periods. Compared to temperatures measured at an upstream gauging station 
uncertainty of habitat suitability estimations decreased up to 79% by the method 
used here. Our findings highlight that water temperature management in riverine 
ecosystems is necessary for fish species under climate change. Accurately 
quantifying water temperature and the heterogeneity thereof is a critical step 
in adaptation of riverine ecosystems to climate change. We show that these 
measurements can be made accurately and easily using thermal imagery from 
UAV’s allowing for an improved habitat management. 
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8.1. INTRODUCTION
Biodiversity and functioning of riverine ecosystems are increasingly influenced by 
modification of flow, habitat destruction, water pollution, introduction of invasive 
alien species and the overarching effect of climate change (Malmqvist and Rundle 
2002, Xenopoulos et al. 2005, Dudgeon et al. 2006, Leuven et al. 2009, Vaughn 2010, 
Arthington et al. 2010). Global warming will increase water temperatures of rivers on 
all continents (Van Vliet et al. 2013), further increasing environmental stress in riverine 
ecosystems. 
Water temperature is a key environmental factor directly and indirectly affecting 
aquatic species such as macrophytes (Bornette and Puijalon 2011), macro-invertebrates 
(Burgmer et al. 2007) and fish species (Lehtonen 1996, Jackson et al. 2001). When 
temperatures become too high, detrimental stress occurs in many species ultimately 
resulting in mortality (Souchon and Tissot 2012, Koopman et al. 2016, Verberk et al. 
2018). In addition, increasing temperature facilitates the spread and establishment of 
alien species (Rahel and Olden 2008, Leuven et al. 2011, Verbrugge et al. 2012a, Collas 
et al. 2018a), increases their competition success with native species and causes biotic 
homogenization. Alien fish species already dominate freshwater fish assemblages in 
many rivers of the world (Rahel 2000, Leprieur et al. 2008, Leuven et al. 2009), urging the 
need to assess the effect of further increasing water temperatures under a changing 
climate on native and alien fish species. 
The thermal limits of freshwater fish species can be used to construct species 
sensitivity distributions (SSDs) (De Vries et al. 2008, Leuven et al. 2011, Del Signore et 
al. 2016b). These statistical distributions describe the variation of species sensitivity 
to an environmental factor (Posthuma et al. 2002). SSDs allow predicting habitat 
suitability for the assessed species group based on single or multiple environmental 
factors (Leuven et al. 2011, Verbrugge et al. 2012a, Collas et al. 2014). The availability 
of field data that reflect the spatiotemporal variation of the temperature is vital for 
predicting thermal habitat suitability using SSDs. 
Water temperature of rivers shows a high spatiotemporal variability (Caissie 2006). 
Spatial variation in temperatures results from inflow of tributaries (Ebersole et al. 2003) 
and groundwater, shading by riparian vegetation (Ebersole et al. 2003), changing water 
depth (Matthews et al. 1994), amongst other factors. Temporal fluctuations are due 
to daily and annual cycles (Caissie 2006). The high spatiotemporal variability of water 
temperature limits the usability of point measurements to accurately assess habitat 
suitability (Leuven et al. 2011). 
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Remote sensing (RS) of water surface temperature allows documenting 
spatiotemporal patterns in riverine ecosystems (Handcock et al. 2012; Turner et al. 
2014). The radiant temperature is derived from the thermal infrared radiation (TIR) 
emitted by the water surface using Planck’s Law and the emissivity of water (Norman 
and Becker 1995). It is important to note that measurements of emitted TIR can only 
provide temperatures of the top 100 µm of the water column (Handcock et al. 2012). 
Moreover, the highly reflective water surface can disturb the thermal signal of the water 
by reflecting TIR from the sun directly into the sensor (Anderson and Wilson 1984). This 
effect varies over time due to changes in solar angle and wind conditions. Previous 
studies have mapped water temperature of rivers and/or streams using airborne 
thermal imagery with an average error varying between 0.3 and 2.5 oC (Appendix: 
Table S1). Aircrafts and helicopters have been used most often to carry the thermal 
sensors, but these are expensive to deploy, especially for small areas and repeated 
observations. 
A potential method to measure spatiotemporal variation in water temperatures 
in small water systems (e.g. side channels of 10-30 m wide) are unmanned airborne 
vehicles (UAVs) (DeBell et al. 2017). Their availability increases and they are being 
deployed with a large variety of sensors, ranging from simple consumer-grade cameras 
(Van Iersel et al. 2018) to hyperspectral (Näsi et al. 2016), LiDAR (Khan et al. 2017) and 
thermal infrared sensors (Nishar et al. 2016). The latter may offer new opportunities 
to address the problem of spatial monitoring of water temperature. UAVs are easy to 
deploy compared to an aircraft or helicopter. They offer a high spatial resolution (< 1 
m), which depends on the flight elevation and sensor resolution. However, it remains 
unclear whether water temperature can be estimated by UAVs with sufficient accuracy 
for monitoring habitat suitability for freshwater fish.
This research aimed to predict thermal habitat suitability of a side channel 
and groyne fields in the littoral zone of rivers during hot summer conditions using 
thermal imagery. We define thermal imagery as the remotely sensed temperature 
measurements using a UAV. The research questions were: 1) How accurate can water 
temperature be measured using thermal imagery? 2) What is the spatiotemporal 
temperature variation during a hot day? 3) What is the added value of using thermal 
imagery to predict the habitat suitability for native and alien fish species compared to 
spatially limited gauging station measurements? 4) How does the temperature error in 
thermal images propagate to the estimation of habitat suitability? 
533915-L-bw-Collas
Processed on: 2-8-2019 PDF page: 167
167
 8
8.2. METHODS
To map the temperature fields and the associated Potentially Occurring Fraction (POF) 
for native and alien species, we collected the thermal imagery and field reference data, 
which were combined with SSDs from the literature (Figure 8.1). Here, we explain the 
methodological steps in detail.
8.2.1. Study area
The river Waal is the main distributary of the river Rhine in the Netherlands (Figure 8.2A 
and B). As part of the ecological restoration three side channels were created between 
1996 and 1999 near the village of Gameren: two flow year-round and one only during 
higher river discharges. Water temperature measurements were performed in the 
northern side channel (Figure 8.2C). We chose the smallest side channel that has an 
open connection during low flow, because of the expected spatiotemporal variability 
in temperature due to: (1) variations in depth and (2) the propagation of ship-induced 
waves from the main channel from both the upstream and downstream end. Most 
locations were characterized by low flow conditions, but substantial flow was found 
near the in- and outflow of the side channel (location 1, 19, 22, 23 and 24). During 
the measurement day flow velocities were measured with the highest measured flow 
velocity being 35 cm s-1 (SD = ± 10 cm s-1). At several locations flow velocity was close 
to zero and thereby below the measurement limit of the flow velocity measurement 
device. 
8.2.2. Thermal imagery
The Sensefly Ebee UAV (SenseFly 2017) employed with the ThermoMAP sensor was 
used to collect thermal imagery at four different moments on August 29th, 2017 (Table 
8.1). The Thermomap sensor performs an automatic temperature calibration in flight 
based on the sensor’s internal temperature and assumes an emissivity of 1 for the 
surveyed surface. Flight duration was approximately 15 minutes per flight and the 
entire study area was covered in a single flight. To improve georeferencing of the 
imagery, 23 ground control points (GCPs) were distributed along both banks of the 
side channel and were georeferenced with a Trimble dGPS, which had a horizontal and 
vertical accuracy of 0.015 and 0.02 m, respectively. The GCPs were vinyl disks with a 50 
cm diameter covered with tinfoil with a low emissivity (5%) to guarantee their visibility 
on thermal imagery. 
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8.2.3. In situ measurements
Time series of temperature measurements were performed by positioning water-
proof loggers (Hobo Onset) 10 cm below the water surface at 24 locations distributed 
across the side channel (Figure 8.2B) covering variation in depth and flow velocity. At 
locations 6, 14, 16 and 24 the water depth was sufficiently deep to perform additional 
temperature measurements at a depth of 50 cm. The loggers measured water 
temperature with a frequency of 0.1 Hz and were geolocated with the Trimble dGPS. 
8.2.4. Pre-processing and accuracy assessment
The ThermoMAP output image files were orthorectified with the SenseFly Postflight 
Terra into orthophotos. After initial matching based on the given geolocation of 
the images by the UAV-mounted GPS, the imagery was georeferenced manually 
with the GCPs. The temperature values as registered by the sensor were rescaled to 
temperatures in oC (TUAV). In situ water temperatures at 10 cm depth (Tref.10) and 50 cm 
FIGURE 8.1  Flowchart to determine the accuracy of thermal imagery, calculate habitat 
suitability and to quantify the effect of the error in temperature on the POF estimations 
(T: temperature; UAV: unmanned airborne vehicle; SSD: species sensitivity distribution, 
POF: potential occurring fraction, Lobith: location of gauging station (Figure 8.2B)). 
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FIGURE 8.2  A) Location of the study area in the Netherlands, B) river Rhine tributaries 
in blue, with study area along the river Waal, C) Aerial photo of the northern side 
channel and groyne fields with in situ water temperature locations (red dots), 
D) Subsections of study area used for assessment of heterogeneity in water temperature.
depth (Rref.50) were calculated as the median of each logger’s measurement over the 15 
minute duration of each flight (Table 8.1). TUAV values were extracted from the thermal 
imagery at the logger’s locations and used to calculate the mean absolute error (MAE), 
which indicated the error of the UAV temperature measurements to estimate the water 
temperature without calibration with field data. Subsequently, a linear regression was 
performed between 1) Tref.10 and TUAV and 2) Tref.10 and Tref.50. Linear regression equations 
and root mean squared errors (RMSE) were calculated for each flight and all flights 
combined.
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8.2.5. Analysis
The overall regression equation between TUAV and Tref.10 was used to correct the TUAV 
orthophotos (TUAV,corr) using the R statistics package Raster (R Core Team 2015, Hijmans et 
al. 2017). The TUAV,corr maps where used to 1) assess heterogeneity in water temperature 
in the side channel and in nearby groyne fields, and 2) derive the potentially occurring 
fraction of native and alien freshwater fish species. 
8.2.5.1. Water temperature variation
Spatial subsets of the four TUAV,corr maps were taken (Figure 8.2D) to assess the difference 
in spatiotemporal variation between the side channel and goyne fields. Comparisons 
between subsets were made by constructing boxplots of the temperatures for each 
pixel included in each subset. 
TABLE 8.1  Characteristics of UAV fl ights and sensor.
UAV fl ights
Flight duration 15 min
Flying altitude 120 m
Flight start times 07:15, 13:00, 
15:00, 19:30
ThermoMAP sensor (Sensefl y 2018)
Ground resolution 25 cm x 25 cm
Radiometric sensitivity 7-15 µm
Max. response at 10 µm
Temperature resolution 0.1 °C
Temperature range -40 – 160 oC
Temperature 
calibration
Automatic, in-fl ight
Output format TIFF images
Weight of sensor ~ 134 g
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8.2.5.2. Habitat suitability as potentially occurring fraction
SSDs for water temperature sensitivity of native and alien fish species occurring in 
the river Rhine (Figure 8.3) were derived from data of Leuven et al. (2011). SSDs are 
constructed by fitting a distribution to known thermal tolerances of the assessed 
species assemblage. The resulting fitted distribution, the SSD, can then be used to 
derive the potentially occurring fraction (POF) of the assessed species assemblage 
based on measured or modelled temperatures. In this study the TUAV,cor maps were 
used as temperature input for the SSD model thereby yielding a spatial POF map. 
The POF map was derived using the R statistics package Raster (R Core Team 2015, 
Hijmans et al. 2017). A comparison was made between habitat suitability using the 
modelled temperature fields (TUAV,corr) and the suitability estimated using only measured 
water temperatures of the main channel at the gauging station at Lobith (TLobith) 75 km 
upstream. 
8.2.5.3. Temperature error propagation
We calculated the propagation of three temperature errors to investigate the effect 
of the temperature errors over the full range of the maximum temperature SSD on 
habitat suitability, assuming the temperature error is not dependent on the water 
temperature. All three errors were the difference in temperature compared to the in 
situ temperatures (Tref.10). The first error was the difference with TLobith. The second error 
was the MAE, as this is the error without the correction of the thermal images with the 
in situ temperatures (TUAV). The third error was the overall RMSE, as an indication of 
the error with the corrected thermal images (TUAV,corr). The error propagation provides 
insight into the sensitivity of the POF to errors in temperature measurements. 
To estimate the effect of the temperature error on the spatial POF, we also 
mapped the POF using the uncorrected TUAV (assuming Tref.10 = TUAV) and calculated 
the difference between POF maps obtained with TUAV,corr and TUAV. By mapping the 
differences, it became spatially explicit where the influence of the temperature error 
on the habitat suitability is largest.
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FIGURE 8.3  Maximum temperature species sensitivity distribution for native (blue; 
n = 35; μ = 25.4 oC; σ = 6.1 oC) and alien (red; n = 22; μ = 27.8 oC; σ = 7.0 oC) fish species 
occurring in the river Rhine (Data: Leuven et al. 2011).
FIGURE 8.4  Regression of water temperature acquired using thermal imagery (TUAV) 
and the in situ reference measurements (Tref.10).
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8.3. RESULTS
8.3.1. Thermal imagery accuracy assessment 
The Tref.10 was estimated by TUAV with a mean absolute error (MAE ± SD) of 0.81 ± 
0.61 oC. The largest errors (> +2.0 oC) and maximum error of +3.0 oC were measured 
at 13:00 at locations 2, 4, 7, 8 and 13. The absolute errors remained below 2.0 oC 
during other flights. Lower temperatures (< 24 oC) of the flight during dawn are 
mostly underestimated by the TUAV and higher temperatures during the rest of the 
day are overestimated (Figure 8.4). The smallest errors were recorded at 19:30, but 
the regression equation of the 15:00 flight was closest to the y = x line (ideal when 
estimating temperature from thermal imagery). The dawn and mid-day (13:00) flight 
performed worst regarding their regression functions with an R2 <0.6. The overall 
regression during the entire day between the TUAV and the Tref.10 had a RMSE of 0.53 
oC (Table 8.2). A significant relationship was also found between the Tref.10 and Tref.50 
measurements with a R2 value of 0.87 (Table 8.2). 
FIGURE 8.5  Temperature maps of the littoral zone derived from thermal imagery 
(oC, TUAV) during dawn (T = 07:15), mid-day (T = 13:00 and 15:00) and dusk (T = 19:30).
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TABLE 8.2  Characteristics of the regression between the Tref.10 and the TUAV during four UAV fl ights and for all fl ights combined.
Flight time Average 
Tref.10 (
oC)
MAE ± SD *
(oC)
Regression equation R2 MRE**
(oC)
RMSE***
(oC)
07:15 21.90 0.58 ± 0.40 Tref.10 = 0.9025 TUAV + 2.588 0.45 -0.013 0.49
13:00 26.19 1.58 ± 0.52 Tref.10 = 1.2218 TUAV + 7.7372 0.57 -0.482 0.73
15:00 26.00 0.92 ± 0.26 Tref.10 = 0.9595 TUAV + 0.2136 0.71 0.249 0.36
20:30 25.61 0.42 ± 0.37 Tref.10 = 1.5732 TUAV x – 14.331 0.74 0.241 0.49
Overall 24.94 0.81 ± 0.60 Tref.10 = 0.7469 TUAV + 5.9301 0.93 -0.001 0.53
Tref.50 vs. Tref.10 Tref.50 = 0.8085 Tref.10 + 4.2448 0.87
* MAE: mean absolute error ± SD: standard deviation
** MRE: mean residual error
*** RMSE: root mean squared error
8.3.2. Spatiotemporal variation of temperature in the littoral zone
In general, both locations showed higher average water temperatures during mid-day 
(13:00 and 15:00) than at dawn (07:15) (Figure 8.5 and 8.6). Temperatures gradually 
decreased during the mid-day to lower temperatures at dusk (19:30) (Figure 8.5 and 
8.6). Within-day variation of spatial median temperatures was larger in the side channel 
(Δ °C = 4.88) compared to the groyne fields (Δ °C = 2.74). At all four measurement 
times heterogeneity in interquartile temperature was larger in the side channel than in 
groyne fields (Figure 8.6). Average temperature ± SD over the groyne fields was 22.87 
°C (± 0.35) at 07:15, 25.78 °C (± 0.41) at 13:00, 25.65 °C (± 0.36) at 15:00 and 24.66 °C (± 
0.10) at 19:30. At 07:15 the side channel water was cooler than in the groyne field, with 
average temperatures of 21.95 °C (± 0.43). Average temperatures in the side channel 
became higher in the course of the day: (26.66 ± 0.43 °C) at 13:00; 26.94 ± 0.46 °C) at 
15:00 and 25.25 ± 0.22 °C at19:30.
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FIGURE 8.6  Plot of the corrected water temperatures (TUAV.corr) in the studied area 
in a side channel (blue) and in groyne fields (red). The centerline shows the median, 
the boxes indicate the 25% and 75% percentile and the whiskers depict the 2.5% and 
97,5% percentile.
8.3.3. Habitat suitability
The observed spatiotemporal patterns in water temperature were reflected in the 
calculated POF for alien (Figure 8.7) and native (Figure 8.8) fish species in the side 
channel and groyne fields. The higher POF values were obtained during dawn. Lowest 
POF values were derived at mid-day after which POF values increased during dusk. 
Average daily POF value of alien fish species was 0.65 whereas for native fish species 
this value was lower (0.53) (Figure 8.9). This implies that throughout the day a larger 
number of native fish species (on average 12%) was limited by high water temperature 
than alien species. During dawn (at 07:15) the POF values for both species groups were 
higher in the side channel than in the groyne fields (Figure 8.9). Additional analysis of 
the POF at 50 cm depth showed higher potential during mid-day at these increased 
depths (Appendix: Figure S4 and S5) compared with shallow habitats (Figure 8.8 and 
8.9), because of lower temperatures. The average daily POFs using TLobith (ranging 
between 22 and 23 oC, Appendix: Figure S3) revealed higher POFs compared to the 
side channel for native fish species (0.53 vs 0.65 - 0.71) as well as alien species (0.65 vs 
0.75-0.80). 
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FIGURE 8.7  The potentially occurring fraction (POF) of alien species in the river Waal near 
Gameren derived from remotely sensed water temperatures during a hot summer day.
FIGURE 8.8 The potentially occurring fraction (POF) of native species in the river Waal near 
Gameren derived from remotely sensed water temperatures during a hot summer day.
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8.3.4. Temperature error propagation to habitat suitability
The TLobith error was largest (2.2 
oC) and therefore resulted in the largest uncertainty 
on the POF of native and alien fish, with maximum differences ranging from -0.14 to 
0.14. The uncorrected TUAV error improved the POF estimations to an uncertainty of 
maximum ± 0.06 for native and alien fish, which is a decrease of 57%. Using the TUAV,corr 
error, the POF uncertainty was minimized to a maximum of ± 0.03 for both native and 
alien fish species (Figure 8.10), which shows an improvement of even 79% compared 
to using TLobith and 50% compared to using TUAV. POF values based on the TUAV maps 
indicated maximum differences ranging from -0.10 to 0.10 compared to the TUAV.corr 
maps (Appendix: Figure S1 and S2). Errors were largest at shallow sections with high 
water level fluctuations.
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FIGURE 8.9  The potentially occurring fraction (POF) with SD of alien (red) and native 
(blue) fish species due to water temperatures during a summer day in the side channel 
(circles) and groyne fields (triangles). 
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FIGURE 8.10  Uncertainty in POF due to propagation of temperature errors for A) native 
species and B) alien species. Temperature errors are the mean difference between the 
in situ measured temperatures (TRef.10 compared to 1) TUAV,corr (long dashed line), 2) 
TUAV (dotted line) and 3) TLobith (short dashed line)).
A B
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8.4. DISCUSSION
Our results show that thermal imagery from a UAV can be used to measure water 
temperatures with a MAE of 0.81 oC and at a high spatial (0.25 m) and temporal 
(four times per day) resolution. Previous studies using thermal sensors in riverine 
environments reported an error ranging between -7 and 2.6 oC (Appendix: Table 
S1). Torgersen et al. (2001) and Fullerton et al. (2015) found lower errors, which might 
be explained by the more advanced sensors they used. However, these sensors are 
approximately ten times heavier than the ThermoMAP and need to be deployed on a 
helicopter or aircraft, significantly decreasing their flexibility and increasing the costs 
for monitoring. Water temperature errors less than 1oC were found in studies with 1) a 
sensor resolution smaller than the width of the rivers or lakes, to prevent a mixed signal 
with the temperature of the banks, 2) in situ water temperature measurements in the 
surface water layer (top 10 cm) and not near bottom of a water body, and 3) a relatively 
large sensor wave length range within the thermal infrared (8-12 µm) (Torgersen et al. 
2001, Fullerton et al. 2015, Dugdale et al. 2015; Appendix: Table S1). These aspects 
should be considered for future monitoring campaigns. 
The accuracies of the thermal images to predict water temperature differed 
between time steps and between reference locations. Time variation in accuracy is 
generally attributed to changes in sun angle (Anderson and Wilson 1984), wind-driven 
turbulence and water depth fluctuation (Handcock et al. 2006). The highest absolute 
errors were found during the 13:00 flight. At midday, solar irradiation and thermal 
stratification of the water are high (Handcock et al. 2006) resulting in large differences 
between the remotely sensed temperature of the upper water layer and the reference 
measurements from the loggers 10 cm depth below the surface. Furthermore, 
temperature estimates at locations that were shaded by trees during a flight were less 
accurate than those at non-shaded locations. Near the in- and outflow, accuracy was 
most likely reduced due to fast water level fluctuations due to passing ships and the 
resulting rough water surface, changing the water emissivity (Henderson 2003). The 
same may apply to the dynamic goyne fields, expecting a higher MAE compared to 
the side-channel. Fluctuations of up to 50 cm regularly occur, rigorously mixing the 
water (Collas et al. 2018b). 
Spatial maps of water temperatures in both the side channel and groyne fields 
showed a natural pattern of warming mid-day and subsequently cooling at dusk. 
However, the magnitude of this daily variation in water temperature remarkably differed 
between the side channel and the groyne fields. Because groyne fields comprise deep 
eroded sections, and intensive navigation causes strong local circulation of the water, 
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colder and warmer water layers are continuously mixed here (Yousef et al. 1980, Becker 
et al. 2010, Engel and Fischer 2017), reducing the effect of daily fluctuations in air 
temperature on water temperature. The strong correlation between the Tref.10 and 
the Tref.50 shows that remotely sensed thermal imagery may also be used to derive 
water temperatures at greater depths. However, this will require ground truthing using 
loggers at various water depths.
During mid-day the POFs of native and alien fish species decreased as temperature 
increased whereas in the evening the POF increased again. Fish species may avoid 
exposure to high temperature by diel migration to colder habitats such as deeper 
habitats in the side channel, main channel or groyne fields which act as a thermal 
refugia. Evidence exists of diel migration of riverine fish species due to changes in 
temperature, flow velocity and illumination (Clough and Ladle 1997, Borcherding et al. 
2002, Hohausová et al. 2003). Moreover, diel utilization of temperature heterogeneity 
has been found to result in faster fish growth (Armstrong et al. 2013). 
In the main channel and groyne fields, fish are exposed to other stressors that 
are virtually absent in side channels, such as ship-induced changes in flow velocity 
and water levels (Collas et al. 2018b). Although these stressors are not necessarily 
as detrimental as high water temperatures they may have a negative effect on the 
energy expenditure of fish (Schiemer et al. 2003, Trinci et al. 2017). Further research 
should focus on elucidating the extent and the cost benefit ratio of diel migrations 
of freshwater fish due to high temperatures. During colder seasons the elevated 
temperatures in side channels during the day might be beneficial as growth of larval 
and juvenile stages of many fish species is increased at elevated temperatures (Nunn 
et al. 2003). 
Alien fish species have on average higher temperature tolerances compared to 
native fish species (Leuven et al. 2011). As water temperatures were very high at mid-
day, the side channel has a limited habitat function for native fishes, whereas at dusk 
the side channel can serve as a refugium, showing the importance of spatiotemporal 
temperature measurements. This is further supported by the difference in POF with 
temperatures from the gauging station. The POF for native and alien fish species were 
overestimated by at least 0.10 based on TLobith, translating to the absence of 4 native 
and 2 alien species based on a species richness of 37 native and 24 alien species in the 
river Rhine (Leuven et al. 2011). 
Restoration measures should aim at optimizing abiotic conditions for native fish 
species as alien fish species can show severe ecological impacts (Cucherousset and 
Olden 2011). During warm summers, it might therefore be valuable to improve the 
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thermal potential for native fishes by increasing discharge of side channels, thereby 
increasing water circulation through them, and reducing water temperatures (Sinokrot 
and Guiliver 2000) and providing deeper and shaded sections that can serve as cold 
water refugia at mid-day (Ebersole et al. 2003, Kurylyk et al. 2015, Engel and Fischer 
2017). 
The use of UAV based thermal imagery deceased the uncertainty in POF 
estimates compared to estimates using gauging station measurements by 57%. This 
improvement was even lager when the thermal imagery was corrected with in situ 
measurements (79%). These results indicate the added value of using thermal imagery 
to model temperature based habitat suitability of freshwater fishes. Even without in 
situ calibration uncertainty in POF estimates is greatly reduced by using temperatures 
measured with thermal imagery. The accuracy of thermal sensors is expected to further 
increase in near future contributing to applicability of UAV based thermal imagery to 
derive spatial potentially occurring fractions of species for habitat suitability mapping. 
Validation of the predicted POF values was not part of this study, but previous studies 
that applied an SSD approach to derive POF values for macroinvertebrate species in 
rivers found a high predictive skill when verified using monitoring data (Verbrugge 
et al. 2012a, Collas et al. 2014). The occurrence of species is not only determined 
by a single environmental factor (e.g., water temperature). Therefore, additional 
effort has to be put into deriving the spatiotemporal variability for effects of multiple 
environmental factors whilst simultaneous fish sampling occurs to enable validation of 
predicted species occurrence. 
Thermal imagery can be an efficient approach for evaluating the effects of various 
types of ecological restoration measures on temperature regimes of the littoral zone of 
rivers. For instance along the rivers Rhine and Meuse numerous restoration measures 
have been taken to improve the ecological status of these rivers (Nienhuis et al. 2002, 
Van Stokkom et al. 2005, Rijke et al. 2012, Straatsma et al. 2017). These measures 
often aim to (re)create spawning and nursery areas and improve habitat suitability 
of rheophilous fish species. Our results show that during summer periods high water 
temperatures in side channels negatively affect a substantial number of native fish 
species. During these periods, connectivity of the side channel with the main channel 
is vital as it allows for diel migration, enabling fish to avoid habitat with unsuitable 
conditions. To maintain habitat suitability of a side channel during low water levels, 
when connectivity becomes insufficient, colder refuge areas need to be available 
within the side channel. Measures to preserve habitat locations of sufficiently low 
water temperature comprise increasing discharge through side channels, and creating 
deeper and shaded sections that may serve as refugia during extremely hot summer 
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periods which are expected to occur more frequently in near future (Christidis et al. 
2015). In addition, restoration measures can be designed in such a way that colder 
seepage water enters the restoration measures from surrounding soil. Our approach 
can be used to periodically evaluate the temperature regimes of riverine ecosystems 
from a habitat suitability perspective thereby giving input to decision making on 
adaptive management strategies such as a consistent connectivity with the main 
channel and cyclic rejuvenation of side channels (Baptist et al. 2004). 
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APPENDIX
FIGURE S1  The difference in potentially occurring fraction (POF) of alien fish species 
between water temperature estimations from corrected and uncorrected thermal imagery.
FIGURE S2  The difference in potentially occurring fraction (POF) of native fish species 
between water temperature estimations from corrected and uncorrected thermal imagery.
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FIGURE S3  Measured water temperatures in the river Rhine at gauging station Lobith 
during 2017.
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FIGURE S4  The potentially occurring fraction (POF) of alien fish species in the river 
Waal near Gameren derived from remotely sensed water temperatures at 50 cm depth 
during a hot summer day.
FIGURE S5  The potentially occurring fraction (POF) of native fish species in the river 
Waal near Gameren derived from remotely sensed water temperatures at 50 cm depth 
during a hot summer day.
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TABLE S1  Literature overview of thermal remote sensing of surface water temperature.
 Study object Platfo m / Sensor Resolution
(m)
Wavelength 
(μm)
Validation method Accuracy of RS 
measurement* 
Torgersen et al. 2001
Oregon (USA), 
50-60 km long 
sections, width: 
2-110 m
Helicopter / 
Thermovision 1000 
forward-looking 
infrared system (FLIR)
0.2 - 0.4 8 - 12 Onset 
thermometers 
at 10 cm depth 
(n=67)
MAE 0.3 oC
y = 1.002 x -0.018 
(R2 =0.99)
Handcock et al. 2006
Green River, 
Yakima River, and 
Columbia River, 
USA, with stream 
widths between 
10–500 m
Terra Satellite / 
MODIS
Terra Satellite / 
ASTER
Landsat-7 / Landsat 
ETM+
King Air B200 aircraft 
/ MASTER
Ground / FLIR 
1000
90
60
5 and 15
0.05-0.5
6.54 - 14.39 
8.12 - 11.65 
10.40 - 12.50
10.15 - 11.45 
10.15 - 11.45
Temperature 
loggers at stream 
bed (n =21) 
and portable 
thermometer at 
10 cm depth
MD +1.2-2.2 oC 
for pure water 
pixels 
Jensen et al. 2012
Curtis Creek, 
Utah, 300 m long 
section of 5-10 m 
wide 
AggieAir UAV / 
microbolometer 
thermal cameras by 
Infrared Cameras Inc.
0.30 not reported Temperature 
samples (n=18)
Up to  -7oC 
y = 0.7 x +8.2
Dugdale et al. 2015
25 tributaries of 
the Restigouche 
River: 696 km 
total length, width 
unreported
Helicopter / FLIR 
SC660 uncooled 
microbolometer TIR 
camera
0.19 7 - 13 Onset HOBO 
UA-002-64 
temperature 
loggers 
anchored to the 
river bed (n=32)
y = 0.95 x + 0.81 
(R2 =.97)
RMSE = 0.45 °C
Fricke et al. 2015
Two sections of 
the river Rhine of 
237 km long and 
150 to 500 m river 
wide
Aircraft / Image IR 
8800 by InfraTec
4 8 - 12 Buoys with 
temperature 
loggers at 1 m 
depth (n=7)
MD −1.36 ± 
0.16°C.
y = 0.93 x -1.81
Fullerton et al. 
2015
Entire rivers 
varying from 50-
645 km in USA
Aircraft / Different 
TIR sensors (similar 
wavelength 
range, radiometric 
calibration and 
sensitivity)
0.20 - 0.44 8 - 12 Instream 
Onset thermal 
sensors (n = not 
reported)
MAE 0.44 ± 0.37 
°C
Iezzi et al. 2015
Aterno River in 
Italy with 20 m 
width
Ground / FLIR 
Systems S65 HS 
portable thermal 
imager
not 
reported
7.5 - 13 Portable 
thermometer 
(n=9)
not reported
Wawrzyniak et al. 2016
Ain River in France 
with a 60 m width
Aircraft / Thermo 
Tracer TH7800 and 
VarioCAM
0.6-1.5 8 - 14 
7.5 - 14
VEMCO loggers 
at bottom of the 
river bed (n=7)
MAE 2.6±1.2 °C
This study
Side channel river 
Waal, of 755 m 
long and max 40 
m wide
Sensefl y eBee / 
ThermoMAP
0.25 7-15 Onset 
thermometers at 
10 (n=24) and 50 
cm depth (n=4)
MAE 0.81 ± 0.60
y = 0.7469 x + 
5.93 (R2 =0.97)
RSME 0.53 °C
* MAE = mean absolute error, MD = mean difference, RMSD = root mean squared difference.
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ABSTRACT
The stability of habitat conditions in littoral zones of navigated rivers is strongly 
affected by shipping induced waves and water displacements. In particular, the 
increase of variability in flow conditions diminishes the suitability of these 
habitats for juvenile fishes. Recently, a novel ecosystem based river management 
strategy has resulted in the replacement of traditional river training structures 
(i.e., groynes) by longitudinal training dams (LTDs), and the creation of shore 
channels in the river Waal, the main, free-flowing and intensively navigated 
distributary of the river Rhine in the Netherlands. It was hypothesized that these 
innovative LTDs mitigated the effects of shipping on fishes by maintaining the 
natural variability of habitat conditions in the littoral zones during ship passages 
whereby shore channels served as refugia for juvenile fishes. Measurements of 
abiotic conditions showed a significantly lower water level fluctuation and 
significantly higher flow stability in shore channels compared to groyne fields. 
Flow velocity did not differ, nor did the variation in flow velocity fluctuation 
during ship passage between these habitats. Densities of fish were found to 
be significantly higher in the littoral zones of shore channels compared to 
nearby groyne fields. Moreover, electrofishing along the inner side of the newly 
constructed LTD showed a significant linear relationship between fish density 
and distance from highly dynamic in- and outflow sections and to lowered inflow 
sections in the LTD. Results of our field sampling clearly indicate successful 
ecological rehabilitation of littoral zones that coincides with a facilitation of 
navigation in the main river channel and increased flood safety. 
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9.1. INTRODUCTION
Biodiversity and functioning of riverine ecosystems are increasingly threatened by 
overexploitation of water and organisms, water pollution, modification of flow, habitat 
destruction, introduction of invasive alien species and the overarching effect of climate 
change (Malmqvist and Rundle 2002, Dudgeon et al. 2006, Leuven et al. 2009, Vaughn 
2010, Arthington et al. 2010).
One of the major causes of habitat degradation in large rivers is the facilitation 
of navigation through extensive channelization, dredging and the construction of 
embankments (Gregory 2006, Kucera-Hirzinger et al. 2009). These measure result in 
reduced channel sinuosity and habitat diversity. In addition to these impacts, navigation 
itself affects riverine habitats and biodiversity through increased wave action, shear 
stress, flow velocity and sediment resuspension (Ten Brinke et al. 1999, Ten Brinke et al. 
2004, Söhngen et al. 2008, Kucera-Hirzinger et al. 2009, Hofmann et al. 2011, Gabel et 
al. 2017). Direct and indirect navigation pressures are expected to increase in the near 
future as inland shipping is considered more sustainable than road transport (Colvile et 
al. 2001, Rohács and Simongáti 2007, European Commission 2011, Gabel et al. 2017).
The decline in habitat diversity due to navigation is characterized by a deterioration 
in spawning and nursery habitats that results in decreased diversity and productivity 
of migratory and riverine fishes (Wolter and Arlinghaus 2003). Navigation is facilitated 
by, among other things, the construction of groynes with basalt stones and other rocks 
(Brunke et al. 2002). These groynes provide habitat for several alien species (Leuven 
et al. 2009, Van Kessel et al. 2016) and are often characterized by an impoverished 
fish community dominated by alien species (Fladung et al. 2003, Dorenbosch et al. 
2017). Conditions in groyne fields are influenced by shipping (Ten Brinke et al. 1999), 
increasing wave action and flow velocity. These highly dynamic conditions affect the 
early life history stages of fishes (Kucera-Hirzinger et al. 2009, Schludermann et al. 
2014) and limits the swimming performance of adult fishes (Wolter and Arlinghaus 
2003).
The implementation of the Water Framework Directive (Water Framework Directive 
2000/60/EC) changed the focus of river management from technological to sustainable 
management taking ecological values into account (Nienhuis et al. 2002). In the 
Netherlands, the WFD culminated in the ‘Room for the River’ programme that aims 
at an integrated river basin management approach (Van Stokkom et al. 2005, Rijke 
et al. 2012). As part of the ‘Room for the River’ programme the majority of existing 
groynes in the river Waal, the main branch of the river Rhine, were lowered and existing 
groynes over a 10 km long stretch in the inner bend of the river were replaced by three 
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longitudinal training dams (LTDs) (Huthoff et al. 2011, Rijkswaterstaat Oost Nederland 
2011, Verbrugge et al. 2017).
LTDs are novel river training structures that are placed parallel to the river bank 
thereby protecting the littoral zones from navigation induced impacts. It has been 
suggested that these river training structures decrease the impact of navigation and 
improve the variety of habitats and density of fishes (Kucera-Hirzinger et al. 2009, 
Vermeulen et al. 2014). Recently, LTDs have been built in the rivers Elbe, Loire and 
Rhine, with the aim of maintaining a minimum water depth for navigation (Paalvast 
1995, Brabender et al. 2016). The LTDs in the river Waal were constructed for multiple 
functions: 1) to increase and maintain the minimum water depth for navigation, 
2) to increase discharge capacity for improved flood safety, 3) to facilitate the safe 
discharge of ice to protect hydraulic infrastructure and river dikes, 4) to reduce fairway 
maintenance costs (dredging), and 5) to increase habitat diversity and stability by 
creating sheltered shore channels (Eerden 2013).
This study aims to assess the influence of the LTD on abiotic conditions and fish 
density during two seasons characterized by different water levels. We hypothesize that 
the impact of navigation on flow velocity, water level fluctuation and flow stability behind 
the LTD is lower than in traditional groyne fields. Moreover, fish density is expected to 
be higher in the LTD shore channel as the impact of passing ships is expected to 
be relatively low. From these hypotheses the following research questions have been 
derived: Does the impact of navigation on flow velocity, water level fluctuation and 
flow stability differ between groyne fields and the LTD? How does a decrease in the 
influence of navigation affect fish density near river training structures? In order to 
answer these questions measurements of abiotic conditions in river training structures 
were made and fishes were monitored using seine nets and electrofishing equipment. 
 
9.2. METHODS
9.2.1. Study sites
Monitoring was performed in the lowland river Waal, the largest, free-flowing 
distributary of the river Rhine in the Netherlands (Figure 9.1A and B). The river Waal 
is intensively navigated with one of the highest shipping frequencies of all inland 
waterways in the world (Ten Brinke et al. 1999). Three LTDs have been constructed 
in the river Waal from river km 911 to 922. The first and second LTD, situated on the 
left bank, are 3 and 4 km long, respectively (Figure 9.2A). The third LTD on the right 
bank is 3 km long. Each LTD features an in- and outflow, and divides the river into a 
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main channel for commercial navigation and a shore channel where only recreational 
navigation is allowed (Figure 9.1C and D). Along specific sections, the LTDs are lowered 
by a metre and are more porous, allowing a lateral exchange of sediment, water and 
biota (Figure 9.1E). However, these openings may reduce the shelter effect of the 
LTD as navigation induced waves may pass through. The first and second LTDs have 
two lowered sections, whereas the third LTD has one lowered section (Figure 9.2A; 
Appendix: Figure S1). Taking into account the water level fluctuations over the last 
six years, the longitudinal training dam would have been visible above the waterline 
for 300 days a year, on average (± 31 days; Appendix: Figure S2). The lowered section 
would have been visible above the waterline exposed for 211 days, on average (± 51 
days; Appendix: Figure S2).
9.2.2. Navigation induced changes in environmental factors
Measurements of navigation induced effects on flow velocity, wave action and flow 
stability were measured at five sites spread throughout Location 5 in the littoral zone 
directly behind the lowered part of the LTD (Figure 9.2A, C and F). This section was 
most exposed to the potential effects of navigation. Reference measurements were 
performed at five sites spread throughout location 7 in the littoral zone of a traditional 
groyne field (Figure 9.2B and E). Measurements were performed when the lowered 
section of the LTD was 1) below and 2) above the water level i.e., < and > + 4.4 m ASL 
at gauging station Tiel, respectively (Figure 9.1E).
A pressure sensor (Water Level Data Logger, Onset HOBO) was used to measure 
the pressure of the water column at a 1 Hz rate at each of the five measurement sites 
within each location. The measurements indicated waves generated by navigation 
and variability in discharge. An additional pressure sensor (Water Level Data Logger, 
Onset HOBO) was placed in the open air to measure barometric pressure. These 
measurements were used to transform the pressure measurements of the water 
column into water levels. Flow stability was measured at one site (Figure 9.2E and F) 
approximately 15 cm above the river bed using a g-force logger (G data logger, Onset 
HOBO). The position of the logger in the water column on the x, y and z axes was 
measured at a 1 Hz rate over 1 h. Flow velocity was measured at a 1 Hz rate for at least 
5 min at each measurement site within each location using an open channel flow meter 
(Valeport, model 002). The meter was held 15 cm above the bed surface, perpendicular 
to the main channel to measure the effect of incoming waves caused by navigation on 
flow velocity.
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FIGURE 9.1  Schematic overview of the Netherlands A), the longitudinal training dam 
study area B) in the river Waal in the Netherlands, C) helicopter view of traditional 
groynes and a longitudinal training dam, and D) cross section of the study site 
with traditional groynes and with a longitudinal training dam, and E) side view of a 
submerged, lowered section in the longitudinal training dam (adapted from Eerden 
2016 and Verbrugge et al. 2017). 
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FIGURE 9.2  A) Locations of the longitudinal training dams (LTDs) and sampling sites 
of fishes, B) close-up of groyne fields where fishes were sampled (reference sites), 
C) and D) close-up of fish sampling sites near the LTD, E) sites of abiotic measurements 
in groyne field at location 7, and F) abiotic measurement sites in shore channel along 
LTD at location 5. Locations behind the LTD are categorized as dynamic (1, 3, and 5) 
and sheltered (2, 4, 6) shore channel; location 7, 8 and 9 are categorized as groyne 
fields. Arrows indicate river flow direction.
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A subset of 5 min of data was assigned to every passing ship for flow velocity and 
water level measurements. Subsets without ship effects were constructed by using 
the data of time frames without navigation (a period without navigation at least 5 min 
following the last ship passage). The subsets of data were subsequently analysed by 
deriving the minimum and maximum water level and flow velocity during each ship 
passage. Flow stability data was not analysed at the level of a single passing ship but 
was collated for each sampling site during the entire study.
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9.2.3. Fish sampling
Fish sampling was undertaken over four days per month in July and October 2016. 
Monitoring was performed after sunset in the littoral zone using seine nets (20 × 3 m, 
smallest mesh size 5 mm stretched) targeting small-bodied fishes (< 10 cm) Sampling 
locations were grouped into three categories: 1) groyne field, 2) shore channel behind 
sheltered LTD section and 3) shore channel near dynamic LTD section. Locations 1 to 9 
were monitored in July 2016; locations 4 to 9 in October 2016. (Figure 9.2A). Monitoring 
was undertaken in both seasons as the lower water level in October compared to July 
allowed an assessment of the influence of an emergent, lowered LTD section on fish 
densities. One to three smaller transects were sampled at each sampling location. The 
length, width and depth of these transects varied between 23.6 and 93.0 m, 1.5 and 
14.0 m and 0.2 and 0.94 m, respectively.
The fish assemblages of the stony substrate on the shore channel site of one LTD was 
sampled using a suitable electrofishing method for sampling small sized fish species 
in shallow habitats during day time using boat mounted electrofishing equipment 
(DEKA 7000 N, Mühlenbein, DEKA Gerätebau, Marsberg, Germany). Transect of 50 m 
were sampled at regular intervals of 200 m along the entire LTD (total length: 4 km), 
yielding one density for each LTD section. In July, the lowered sections of the dam 
were submerged and could not be sampled. In October the lowered sections of the 
LTD were air exposed and could thus be sampled. After sampling each transect, all 
fishes were visually identified, counted, measured and released. All fish surveys and 
identifications were performed by the same individual, thereby avoiding inter-observer 
variability.
9.2.4. Statistical analyses
9.2.4.1. Navigation induced changes in environmental factors
A generalized linear mixed effect model (GLMM) was used to analyse the fixed effect 
of ‘navigation’ i.e., ship present or absent and fixed effect of ‘location’ i.e., groyne field, 
lowered section dam submerged and lowered section dam above water (‘emergent’) 
and the random effect of ‘measurement site’ nested within ‘location’ on the continuous 
variable water level fluctuations. A GLMM was also used to analyse the fixed effect of 
‘location’ and the random effect of measurement site nested within ‘location’ on the 
continuous variable flow velocity. ‘Navigation’, ‘location’ and ‘measurement site’ were 
categorical variables. In total 531 and 16,231 measurements of water level fluctuation 
and flow velocity were available, respectively. Models were fitted using the ‘glmer’ 
function from the ‘lme4’ package in R statistics (Bates et al. 2014, R Core Team 2015). 
Distribution of the water level and flow velocity data was checked by deriving a Cullen 
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and Frey graph using the ‘descdist’ function of the ‘fitdistrplus’ package (Delignette-
Muller et al. 2017) with 1000 iterations. Both datasets depicted a gamma distribution. 
Therefore, the GLMMs were performed using a gamma distribution with a log link. 
Model selection was based on the lowest Akaike’s information criterion (AICc) value in 
combination with a significant model improvement using the likelihood ratio test (Field 
et al. 2012). The best water fluctuation model included ‘location’ and ‘navigation’ as 
fixed factors and included the random factor of ‘measurement site’ nested in ‘location’ 
(Appendix: Table S1). The best performing flow velocity model included ‘location’ and 
the random factor of ‘measurement site’ nested in ‘location’ (Appendix: Table S1). 
The ‘mixed’ function of the ‘afex’ package (Singmann and Bolker 2014) was used to 
derive fixed effect significances based on the best fit model for each variable. When 
necessary, Tukey post hoc comparisons were performed using the ‘glht’ function of the 
‘multcomp’ package (Hothorn et al. 2016).
The effect of ‘navigation’ and ‘location’ and the random effect of ‘measurement 
site’ nested within ‘location’ on range in flow velocity during 5 min time frames was 
analysed using a linear mixed effect model (LME) using the ‘lmer’ function from the 
‘lme4’ package (Bates et al. 2014). For all locations combined, 44 time frames with 
navigation and 6 time frames without navigation were available. Model selection was 
based on the lowest Akaike’s information criterion (AICc) value in combination with a 
significant model improvement using the likelihood ratio test (Field et al. 2012). The 
best model included ‘navigation’ as fixed factor and included the random factor of 
‘measurement site’ nested in ‘location’ (Appendix: Table S2). Fixed effect significances 
were derived using the ‘mixed’ function of the ‘afex’ package. In addition, the 
coefficient of variation (CV) of the flow velocity fluctuation during 5 min time frames 
was analysed with an asymptotic test using the ‘cvequality’ package (Marwick 2016). 
Flow stability expressed as the position of the g-force logger along the y and z-axes 
was analysed using the mean position, SD and skewness.
9.2.4.2. Fish density
Based on the sampled area fish density was calculated and checked for normal 
distribution using the ‘shapiro.test’ function in R. Data that were not normally 
distributed were log10 transformed and subsequently checked for normality. An 
Anova model was used to analyse the fixed effect of ‘location’ i.e., groyne field, LTD 
dynamic and sheltered shore channel, and ‘month of sampling’ i.e., July and October 
on 1) fish density and 2) fish density of native, rheophilic and eurytopic fish species 
caught using the seine net. Fish guild classification followed Aarts and Nienhuis (2003) 
and, for recently introduced species, Van Kessel and Kranenbarg (2012) (Table 9.2). 
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Inclusion of ‘sampling transect’ nested in ‘site’ and ‘site’ nested within ‘location’ did 
not significantly improve the model. Post hoc comparisons were performed using the 
‘TukeyHSD’ function in R statistics.
Overall and native fish densities near stony substrate of training structures were 
analysed using an Anova model that included ‘location’ i.e., groynes and LTD as fixed 
effect. Only data from July was available for the groynes, therefore the analysis was 
restricted to July data. As densities were normally distributed, no log10 transformation 
was required. The effect of the continuous factor ‘minimum distance to dynamic 
section’ and the fixed factor ‘month of sampling’ i.e., July and October on the 
continuous variable fish density near stony substrate were analysed using the ‘lm’ 
function in R statistics. Model selection was based on the lowest Akaike’s information 
criterion (AICc) value in combination with significant model improvement. The best 
model included ‘minimum distance to dynamic section’, ‘month of sampling’ and the 
interaction between the two aforementioned factors (Appendix: Table S3).
Community similarity and temporal patterns were analysed using permutational 
multivariate analyses of variance (PERMANOVA), taking into account the fixed effect 
of ‘location’ i.e., groyne field, LTD dynamic and sheltered shore channel and ‘month 
of sampling’ i.e., July and October on fish diversity caught using the seine net. The 
analyses was performed using the ‘adonis’ function of the ‘vegan’ package in R statistics 
with 1000 permutations (Oksanen et al. 2017). The adonis function is sensitive to the 
order in which variables are added, so multiple permutations of each model verified 
that the predictors that we identified were consistently the most important. In October, 
fewer sites were sampled resulting in an unbalanced sampling design. Therefore, an 
additional PERMANOVA was performed including only the fish diversity in July and the 
fixed effect of ‘location’ i.e., groyne field, LTD dynamic and sheltered shore channel.
9.3. RESULTS
9.3.1. Navigation induced effects on environmental conditions
During water level measurements 106 ships passed. Water level fluctuations signifi-
cantly differed between ‘locations’ (χ2 = 23.76, df = 2, p-value < 0.001; Figure 9.3A) and 
were significantly influenced by ‘navigation’ (χ2 = 64.52, df = 1, p-value < 0.001; Figure 
9.3B). Water level fluctuations were significantly higher in the groyne field compared to 
sites behind the lowered parts of the LTD (z-value = 6.407, p-value ≤ 0.001). Water level 
fluctuations significantly decreased during periods with low river discharge when this 
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LTD section was above water compared to periods with higher river discharges when 
this section was submerged (z-value = − 3.722, p-value ≤ 0.001).
Flow velocity ranged between 0.02 and 0.35 m.s− 1 and did not significantly differ 
between the three study ‘locations’ (χ2 = 0.04; df = 2; p-value = 0.98; Figure 9.4A). 
Variation in flow velocity during ship passages ranged between 0.05 and 0.32 m.s− 1 
and did not significantly differ between the presence or absence of ships (F-value = 
1.34; df = 1, 44.67; p-value = 0.25). The CV of the flow velocity fluctuation during ship 
passage was higher in the groyne field than in the shore channel, but this difference 
was not significant (Test value: 4.89; df = 2; p-value = 0.09; Figure 9.4B).
Flow stability significantly differed between the three locations (Figure 9.5). The 
mean position of the g-force logger in the groyne field along the Y axis was 95o, close 
to the position of 90o, indicating low flow. Mean logger positions for the submerged 
and emergent lowered LTD section were 66o and 58o, respectively. These positions 
indicate that the loggers were on average push downstream, on average, which was in 
accordance to the local natural flow conditions in the absence of passing ships. 
A BA B C A B
FIGURE 9.3  Whisker plots of range of water level fluctuations A) in the groyne field 
location (GF, Location 7 Figure 9.2E), submerged lowered LTD location (LTD-sub, 
Location 5 Figure 9.2F) and emergent lowered LTD location (LTD-emg, Location 5 
Figure 9.2F), and B) during periods with and without ship passages (Different letters 
depict significant differences). The bands in the middle of the boxes are the median; 
the lower and upper bands of the boxes are the 25th and 75th percentiles, respectively; 
the upper and lower whiskers were derived using the standard setting in R statistics, 
and the dots represent outliers.
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FIGURE 9.4  Whisker plots of measurements at the groyne field location (GF, Location 
7 Figure 9.2E), submerged lowered LTD location (LTD-sub, Location 5 Figure 9.2F) and 
emergent lowered LTD location (LTD-emg, Location 5 Figure 9.2F) of A) all flow velocity 
measurements and B) range in flow velocity during passage of ships. The bands in the 
middle of the boxes are the median; the lower and upper bands of the boxes are the 
25th and 75th percentiles, respectively; the upper and lower whiskers were derived using 
the standard setting in R statistics, and the dots represent outliers.
A B
FIGURE 9.5  Scatter plot of the position of the g-force logger in the littoral zone 
of a traditional groyne field A), and at the submerged B) and emergent C) lowered 
LTD locations. Density plots are included next to the two axes. The star indicates the 
position of the logger when no flow is present. Axes represent the position of the 
logger in space based on a z (main channel – littoral zone) and y (up- or downstream) 
value.
Littoral zone
Main channel
A B C
UpstreamDownstream
Y Y Y
Z 
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The average position of the logger along the Z axis was 80o, 74o and 80o for the 
groyne field, and submerged and emergent lowered LTD section, respectively. All three 
average logger positions were below 90o, indicating a flow mainly directed towards the 
littoral zone. The distribution along Z axes of logger positions in groyne fields showed 
clear signs of bimodality (Figure 9.5). Standard deviations of logger position along the 
Y and Z axes were highest for the groyne field location, followed by the emergent and 
the submerged lowered LTD section (Table 9.1). All three locations showed skewness 
along the Z axis towards the right side of the distribution (Table 9.1). Skewness along 
the Y axis was towards the right for the groyne field location, but towards the left for 
the two lowered LTD section locations.
9.3.2. Fish density
In total, 24 fish species were caught using the seine net (Table 9.2). Fish density 
per transect varied between 0.01 and 0.79 ind.m− 2. Overall fish density significantly 
differed between ‘locations’ (F-value = 14.02, df = 2, p-value < 0.001). Fish densities 
in the sheltered section of the LTD were significantly higher (0.43 ± 0.25 ind.m− 2) 
compared to the groyne field (0.08 ± 0.06 ind.m− 2) (p-value < 0.001; Figure 9.6A). The 
density of native fish species significantly differed between ‘locations’ (F-value = 6.01, 
df = 2, p-value < 0.01). Native fish density in the sheltered section of the LTD were 
significantly higher (0.20 ± 0.15 ind.m− 2) compared to the groyne field (0.05 ± 0.03 ind.
m− 2) (p-value < 0.01; Figure 9.6B). The density of rheophilic fish significantly differed 
between ‘locations’ (F-value = 12.362, df = 2, p-value < 0.001), having a significantly 
higher density in the sheltered section of the LTD (0.21 ± 0.14 ind.m− 2) compared to 
the groyne field (0.03 ± 0.04 ind.m− 2) (p-value < 0.01; Figure 9.6C). 
TABLE 9.1  Descriptive statistics of logger positions along the Y and Z axis for the groyne 
fi eld and lowered LTD location under submerged and emergent conditions.
Location Axis Mean SD Skewness
Groyne fi eld Y 95° 19° 0.26
Z 80° 54° 0.31
Submerged lower LTD location Y 66° 14° -0.58
Z 74° 24° 0.07
Emergent lowered LTD location Y 58° 14° -0.73
  Z 80° 30° 0.37
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TABLE 9.2  Overview of the density (ind.100m-2) of all fi sh species, guild and origin caught during sampling with seine nets.
   Groyne fi eld Dynamic LTD 
shore channel
Sheltered LTD 
shore channel
Species Guild Origin July October July October July October
Abramis brama Eurytopic Native 0.37 0.12 0.38 0.48 1.04   7.19
Alburnus alburnus Eurytopic Native 0.43 1.47 0.55 0.64 1.07   0.09
Aspius aspius Eurytopic Alien 0.27 0.51 0.72 0.32 0.97   0.53
Barbus barbus Rheophilica Native - - 0.04 - -   -
Blicca bjoerkna Eurytopic Native 0.07 - - - -   -
Chelon labrosus - Native - 0.67 - - -   -
Chondrostoma nasus Rheophilica Native - 0.04 0.17 0.32 0.36   0.79
Cyprinus carpio Eurytopic Alien - - - - 0.06   -
Esox lucius Eurytopic Native - - 0.08 - -   -
Gasterosteus aculeatus Eurytopic Native 0.17 - 0.08 - 0.03   -
Gymnocephalus cernua Eurytopic Native 0.13 - 0.30 - 0.23   0.96
Leuciscus idus Rheophilic Native 1.04 1.19 0.89 2.24 1.43   0.53
Leuciscus leuciscus Rheophilic Native - 0.04 0.04 - 0.16   -
Neogobius fl uviatilis Rheophilica Alien 0.60 0.08 2.17 2.88 3.83 18.42
Neogobius melanostomus Rheophilica Alien 0.23 - 1.15 - 3.31   0.18
Perca fl uviatilis Eurytopic Native 0.17 - 2.46 0.16 7.31   0.18
Platichthys fl esus Rheophilic Native - - - - -   0.26
Ponticola kessleri Rheophilica Alien 1.24 - 3.78 - 2.05   0.09
Proterorhinus semilunaris Eurytopica Alien - - - - 0.03   -
Romanogobio belingi Rheophilica Alien 0.03 - 0.51 - 3.96   -
Rutilus rutilus Eurytopic Native 1.74 0.28 2.12 5.77 4.25   7.72
Sander lucioperca Eurytopic Alien 1.34 0.04 3.53 0.96 3.80   0.70
Squalius cephalus Rheophilic Native - - - - 0.03   -
Vimba vimba Rheophilica Alien 0.03 0.04 0.08 - -   -
 Native species: 8 7 11 6 10 8
 Alien species: 7 4 7 3 8 5
 Total number of species: 15 11 18 9 18 13
 Sampled area: 2.991 2.525 2.354 624 3.080 1.140
All guilds defi ned according to Aarts and Nienhuis (2003), except a: Van Kessel and Kranenbarg (2012.)
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Eurytopic fish density significantly differed between ‘locations’ (F-value = 10.351, df 
= 2, p-value < 0.001; Table 9.3) and were significantly higher in the sheltered shore 
section (0.22 ± 0.15 ind.m− 2) compared to the groyne field (0.04 ± 0.03 ind.m− 2) 
(p-value < 0.001; Figure 9.6D). Fish density did not significantly differ between July 
and October for eurytopic fish (F-value = 3.548, df = 2, p-value = 0.07; Appendix: 
Figure S3) or rheophilic fish (F-value = 0.146, df = 2, p-value = 0.71; Appendix: Figure 
S3). The interactions between ‘date’ and ‘location’ did not add significant value and 
was therefore not included in our model. Overall fish density derived from catches 
using electrofishing equipment near stony substrate was significantly higher near the 
LTD (1.28 ± 0.54 ind.m− 2) than on groynes (0.44 ± 0.32 ind.m− 2) (F-value = 12.33, df = 
1, p-value < 0.01). The density of native fish species was significantly higher near the 
LTD (0.86 ± 0.40 ind.m− 2) than on groynes (0.14 ± 0.11 ind.m− 2) (F-value = 18.39, df = 
1, p-value < 0.001).
The ordering of factors influenced the outcome of the PERMANOVA analysis (Table 
9.4), indicating the unbalanced sampling design that resulted from the lower number 
of sampling sites in October compared to July. The F-value and R2 of the fixed factor 
‘date’ were higher compared to ‘location’ in both models including all fish diversity 
data. Fish community structure significantly differed between sampling dates for 
both models (Table 9.4). Significant differences between ‘locations’ varied. However, 
in general the effect of ‘location’ was less important than the effect of ‘date’. No 
significant difference in fish diversity between locations was found when data obtained 
in July was compared (R2: 0.11; p-value 0.39).
Fish density near stony substrate along the LTD varied depending on the sampling 
time (Figure 9.7A and B), showing the effect of different water levels on fish densities 
near the stony habitat of the LTD. In total 19 species were caught with an average 
density (± SD) of 1.28 ± 0.54 ind.m− 2 and 0.32 ± 0.15 ind.m− 2 in July and October, 
respectively (Appendix: Table S4). Fish density increased significantly with increasing 
distance from dynamic sections (F-value = 49.279, df = 1, p-value < 0.001; Figure 9.7D 
and E) and were significantly higher in July compared to October (F-value = 115.608, df 
= 1, p-value < 0.001). The effect of distance from dynamic sections differed significantly 
between July and October (F-value = 29.101, df = 1, p-value < 0.001; Figure 9.7D and 
E). 
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FIGURE 9.6  Whisker plots of fish density caught with a seine net at the groyne field 
location, LTD dynamic shore channel location and LTD sheltered shore channel 
location for A) all species pooled, B) native fish species pooled, C) rheophilic fishes 
pooled and D) eurytopic fishes pooled (Different letters depict significant differences 
p-value < 0.05). The bands in the middle of the boxes are the median; the lower and 
upper bands of the boxes are the 25th and 75th percentiles, respectively; the upper and 
lower whiskers were derived using the standard setting in R statistics, and the dots 
represent outliers.
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TABLE 9.3  Anova-results of the overall fi sh density, native fi sh density, rheophilic fi sh 
density and eurytopic fi sh density with fi xed factors ‘location’ and ‘date’.
 Source df Sum Sq Mean Sq F-value p-value
Overall fi sh 
density
Location
2 3.73 1.87 14.02 < 0.001
  Date 1 0.18 0.17 1.31 0.26
  Residuals 25 3.33 0.13    
Native fi sh density Location 2 2.30 1.15 6.01 < 0.01
  Date 1 0.02 0.02 0.09 0.77
  Residuals 25 4.79 0.19    
Rheophilic fi sh 
density
Location
2 5.27 2.63 12.36 < 0.001
  Date 1 0.29 0.29 1.34 0.26
  Residuals 25 5.33 0.21    
Eurytopic fi sh 
density
Location
2 3.15 1.57 10.35 < 0.001
  Date 1 0.54 0.54 3.55 0.07
  Residuals 25 3.80 0.15    
TABLE 9.4  Results of PERMANOVA analyses of fi sh community structure.
 
  Source df Sum Sq Mean Sq F-value R2 p-value
All data Location 2 0.41 0.21 2.51 0.14 < 0.05
  Date 1 0.44 0.44 5.34 0.15 < 0.01
  Residuals 25 2.05 0.08   0.71  
  Total 28 2.90     1.00  
All data Date 1 0.54 0.54 6.64 0.19 < 0.001
  Location 2 0.31 0.15 1.86 0.11 0.06
  Residuals 25 2.05 0.08   0.71  
Total 28 2.90     1.00  
July subset Location 2 0.11 0.06 1.09 0.11 0.39
Residuals 18 0.91 0.05 0.89
  Total 20 1.03     1.00  
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9.4. DISCUSSION
Environmental conditions in the littoral zones of shore channel behind the LTD were 
less exposed to ship induced waves and water displacements compared to the 
traditional groyne field. Even when the lowered LTD section was submerged and 
lateral water exchange occurred, water level fluctuation was reduced significantly, 
indicating that refuge is provided from the effects of navigation during a major part 
of the year (at least 300 days a year on average; Appendix: Figure S2). The maximum 
observed water level fluctuation of 0.54 m in the groyne field were in accordance with 
previous studies of the river Rhine (Ten Brinke et al. 1999, Ten Brinke et al. 2004), but 
higher than the value (0.18 m) reported for groyne fields in the river Elbe (Brunke et al. 
FIGURE 9.7  Density of fish species caught by electrofishing along the shore channel 
site of the LTD during A) July and B) October for 50 m transects at regular intervals 
of 200 m C), and the relation between minimum distance to a dynamic section (see 
Figure 9.2) and fish density during D) July and E) October (*: sections that could not be 
sampled due to dynamic conditions caused by flow or navigation (indicated in red in 
C); arrows in c indicate flow direction).
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
* * **
A: July
B: October
C
D
E
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2002). This difference is likely explained by the higher intensity of navigation and the 
larger ship size on the river Rhine compared to the river Elbe (Central Commission for 
the Navigation of the Rhine 2014).
Average flow velocities in littoral zones were not significantly lower in the shore 
channel compared to the groyne field. Conversely, the variation in flow velocity 
fluctuation during ship passages was substantially and almost significantly (P < 0.1) 
higher in the groyne field compared to the submerged and emergent sections of 
the shore channel. Additional measurements are expected to result in a significant 
difference in the variation of flow velocity fluctuation. Brunke et al. (2002) measured 
a change in flow velocity in groyne fields of 0.6 m.s− 1 during ship passage in the river 
Elbe. Similar changes in flow velocity during ship passage have been reported in 
groyne fields along the river Danube in Austria (Kucera-Hirzinger et al. 2009) and the 
river Rhine (0.4 m.s− 1; Ten Brinke et al. 1999). The difference in flow velocity fluctuation 
between the river Elbe and river Waal is likely due to the river Elbe’s narrow width 
(Gabel et al. 2017).
The higher standard deviation in g-logger position along the Y and Z-axes in 
the groyne field compared to the lowered LTD section indicates more unstable and 
disturbed flow conditions in the groyne field compared to the littoral zones of the 
shore channel. The absence of a bimodal distribution near the lowered LTD section in 
combination with a g-logger position in accordance to the a flow regime not disturbed 
by shipping indicate that flow conditions in the shore channel can be considered near 
natural. 
The lower magnitude in flow velocity fluctuation in the littoral zone of the LTD 
during ship passage indicates that conditions behind the LTD are more stable 
compared to groyne fields. Combined with higher flow stability, this observation allows 
us to conclude that an LTD significantly mitigates wave action and water displacement 
caused by navigation in the littoral zones in intensively used rivers like the river Rhine. 
Our results regarding the positive effect on stability of environmental conditions 
in the shore channel behind an LTD can be considered generalizable. Improved 
hydrodynamic conditions will decrease energy expenditure in relation to swimming 
and reduce the risk of wash-out for fishes (Schiemer et al. 2003, Tudorache et al. 2008, 
Lechner et al. 2014, Trinci et al. 2017). Therefore, the sheltered shore channels provide 
refuges for (juvenile) fishes that support their survival. 
Fish densities in sheltered habitats behind the LTD was significantly higher than in 
groyne fields. The positive influence of flow stability on fish density is also exemplified 
by a higher fish density in the sheltered compared to the dynamic sections of the 
shore channel. However, this result was not significant. Higher fish densities can also 
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be the result of a higher resource availability. As phytoplankton and zooplankton 
production reduces with decreasing water retention time (Eddy 1929, Basu and 
Pick 1996, Reckendorfer et al. 1999, Engelhardt et al. 2004), one could argue that 
increased mixing of water in groyne fields due to navigation reduces phytoplankton 
and zooplankton production and thus resource availability. The absence of navigation 
effects in the shore channel of the LTD will likely increase retention time thereby 
positively influencing resource availability, though additional research is necessary to 
explore this. Fish densities are also influenced by predation pressure which is likely to 
be higher in the shore channel as higher densities of fish predating birds were observed 
here compared with groyne fields (personal observation F. Collas). Additional research 
is required in order to fully understand the impact of predation in the shore channel.
The density of native fish was significantly higher in the shore channel than in the 
groyne fields, though alien fish species were still found in the shore channel. A similar 
effect has been observed near other river rehabilitation measures (Schmutz et al. 2014, 
Dorenbosch et al. 2017). Alien species diversity is not expected to decrease in the 
future as the LTD is connected to the main river thereby facilitating continuous influx of 
alien species from upstream sections (Burgess et al. 2012, Schmutz et al. 2014).
Native fish densities near the stony substrate of the LTD were significantly higher 
than those found in the traditional groyne fields. The difference is likely the result 
of measures that filled crevices between the stones of the LTD with sand, thereby 
decreasing the available habitat of alien species and increasing habitat for native 
species. In 2017, relative high discharge washed the majority of this sand away 
(personal observation F. Collas). Therefore, additional sampling may further elucidate 
the effect of this sandy fill on the establishment of native and alien fish species near 
the stony substrate of the LTD. The linear relationship between fish density in stony 
habitats and distance from dynamic sections of the LTD further underlines the impact 
of navigation on the hydrodynamics of littoral zones. In July 2016, fish densities close 
to the stony substrate of the LTD were lowest at and near dynamic sections. Stony 
substrate monitoring in October, when the lowered LTD sections were above water, 
revealed a more homogenous fish density distribution. An increase in fish density 
associated with a decrease in the dynamic nature of the habitat was observed for both 
rheophilic and eurytopic species. In addition, eurytopic juvenile and adult density has 
been found to be higher in the river Elbe behind LTDs compared to traditional groyne 
fields (Fladung et al. 2003). The higher density of rheophilic fish in the littoral zone of 
the shore channel is of particular rehabilitation interest as these species have strongly 
declined in the river Rhine (Raat 2001). Fish diversity observed during the seine net 
sampling in July was not significantly different between locations (Table 9.1 and 9.4). 
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This is contrary to the effect observed by Fladung et al. (2003) near LTDs in the river 
Elbe and a meta-analyses of the effect of rehabilitation measures on fish assemblages 
in the Austrian river Danube (Schmutz et al. 2014). The difference in effect can be 
caused by: 1) low habitat variability near the LTD due to its recent construction and 2) 
the time lag that occurs prior to colonisation by rare species.
Erosion and sedimentation processes are expected to increase habitat diversity 
in the shore channel over the coming years. This may result from changes in depth, 
flow velocity and substrate variation that lead to increases in fish species density as 
well as diversity. Therefore, continued monitoring of geomorphological processes in 
shore channels and the spatial distribution of fish species is highly recommended. 
Such increases in habitat diversity may provide the required conditions for the early 
ontogenetic development of fishes (Schiemer et al. 2001), increasing the ecological 
value of the shore channel behind the LTD.
It is of vital importance that river training structures are not only designed to serve 
socio-economic functions (e.g., increased flood safety and navigation potential) 
but also to facilitate the ecological rehabilitation of regulated rivers. Our results 
show that the LTDs along the river Waal contribute to the ecological rehabilitation 
of a river used intensively for transport. The considerable length of the 10 km shore 
channel will provide a substantial area with more ecologically favourable flow and 
habitat conditions compared to groyne fields. However, additional measurements 
of hydrodynamic conditions in the shore channel are required during periods of 
overtopping of the entire dam to fully grasp the ecological potential of the LTD 
throughout the entire year. Monitoring is required in future years to assess whether 
habitat in the shore channel diversifies and how this will benefit fish species. 
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FIGURE S1  Overview of the positioning of the A) longitudinal training dams and B) the 
former groynes in the river Waal (Coordinates: 51°52’12.6”N 5°25’46.4”E).
TABLE S1  Overview of the performance of the constructed models for water level fl uctuation.
Variable Model Location Presence Location*Presence Random factor df logLik AICc delta Akaike 
weight
Water level 
range
glmer3 + + - 1 | location:site 6 842.23 -1672.3 0.00 0.69
glmer4 + + + 1 | location:site 8 843.39 -1670.5 1.80 0.28
glm1 + + - - 5 838.05 -1666.0 6.32 0.03
glmer2 - + - 1 | location:site 4 830.57 -1653.1 19.23 0.00
glmer1 + - - 1 | location:site 5 810.85 -1611.6 60.73 0.00
+: included in model; -: not included in model.
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FIGURE S2  Water levels at gauging station Tiel during the years 2011 - 2016 and the 
water level at which the longitudinal training dam (solid line) and the lowered sections 
(dotted line) of this dam become emergent.
TABLE S2  Overview of the performance of the constructed models for fl ow velocity effects of passing navigation.
Variable Model Location Presence Location*
Presence
Random 
factor
df logLik AICc delta Akaike 
weight
All 
measured 
fl ow 
velocities
glmer1 + - -
1 | 
location:site 5 32534.29 -65058.60 0.00 1
glm1 + - - - 4 31202.62 -62397.20 2661.34 0
Flow 
velocity 
range
lmer2 - + -
1 | 
location:site 4 77.93 -147.0 0.00 0.77
lmer1 + - -
1 | 
location:site 5 77.35 -143.3 3.63 0.13
lmer3 + + -
1 | 
location:site 6 78.14 -142.3 4.64 0.08
lmer4 + + +
1 | 
location:site 7 78.19 -139.7 7.26 0.02
lm5 + - - - 4 73.75 -138.6 8.36 0.01
+: included in model; -: not included in model.
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TABLE S3  Overview of the performance of the constructed models for fi sh densities on the stony 
substrate of the LTD of minimum distance to dynamic section and sampling date.
Variable Model Min. 
Dist
Sampling 
date
Min. Dist. x 
sampling date
df logLik AICc delta Akaike 
weight
Fish 
density 
near stony 
substrate
lm4 + + + 5 5.70 1.3 0.00 1.00
lm3 + + - 4 -5.42 20.6 19.25 0.00
lm1 - + - 3 -10.87 28.7 27.42 0.00
lm2 + - - 3 -21.60 50.2 48.88 0.00
+: included in model; -: not included in model.
FIGURE S3  Density of A) rheophilic fish species and B) eurytopic fish species caught 
by seining at the groyne field and LTD dynamic and sheltered shore channel locations 
combined in October.
A: 2018
B: 2015
A B
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TABLE S4  Overview of the density (ind.100 m-2) of all fi sh species, guild, origin and 
number of individuals caught during sampling with electrofi shing equipment.
 
   LTD stones
Species Guild Origin July October
Abramis brama Eurytopic Native   3.14   -
Alburnus alburnus Eurytopic Native   0.10   -
Aspius aspius Eurytopic Alien   2.00   -
Anguilla anguilla Eurytopic Native   0.29   0.07
Barbus barbus Rheophilica Native   0.95   -
Chelon labrosus - Native   -   0.07
Chondrostoma nasus Rheophilica Native 20.19   0.22
Esox lucius Eurytopic Native   0.10   -
Lampetra fl uviatilis Rheophilic Native   -   0.07
Leuciscus idus Rheophilic Native   2.10   0.37
Leuciscus leuciscus Rheophilic Native   0.10   -
Neogobius fl uviatilis Rheophilica Alien   -   0.07
Neogobius melanostomus Rheophilica Alien 37.81 25.33
Perca fl uviatilis Eurytopic Native   6.67   1.85
Ponticola kessleri Rheophilica Alien   1.33   0.59
Rhodeus amarus Limnophilic Native*   0.10   -
Rutilus rutilus Eurytopic Native 51.24   0.89
Sander lucioperca Eurytopic Alien   0.76   -
Squalius cephalus Rheophilic Native   0.29   0.07
    Native species: 12 8
    Alien species: 4 3
   
Total number of 
species: 16 11
    Sampled area: 1050 1350
All guilds according to Aarts and Nienhuis (2003), except a: Van Kessel and Kranenbarg
(2012). * the origin of R. amarus is under discussion. 
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SYNTHESIS
Globally, biodiversity in river catchments is declining due to human activities (Sala 
et al. 2000). Major threats of biodiversity in river catchments can be grouped into 
1) water pollution, 2) modification of flow, 3) habitat alteration and destruction, 4) 
overexploitation of water and organisms, 5) the introduction of invasive alien species, 
and 6) the overarching effect of environmental changes caused by climate change 
(Malmqvist and Rundle 2002, Dudgeon et al. 2006, Leuven et al. 2009, Vaughn 2010, 
Arthington et al. 2010). This synthesis aims to integrate the developed body of 
knowledge on environmental requirements of species and to give guidelines on how 
to use these requirements to evaluate the efficacy of habitat restoration measures to 
facilitate native river species in river catchments. To achieve this aim the following 
research questions were derived: 1) What are the abiotic requirements of species 
in riverine ecosystems? 2) How do environmental disturbance events influence the 
mollusc species composition and the ecosystem services they provide? 3) What are 
the sensitivities of mollusc species to climate related environmental factors? 4) How 
effective are recent restoration measures in the river Rhine, i.e. the replacement of river 
groynes by longitudinal training dams and construction of shore and side channels?
This synthesis starts with exploring the concept of abiotic patch quality and 
describing how occurrence of species on a local scale depends on patch quality 
(section 10.1). The effect of extreme water level fluctuations on abiotic patch quality is 
investigated allowing to assess the effect of these environmental disturbance events 
on species composition. Subsequently, species sensitivity distributions (SSDs) are 
discussed as a predictive model in deriving potentially occurring fractions of species 
based on patch quality (section 10.2). Validation of the prediction made using the SSD 
approach is evaluated (section 10.3). Subsequently, application of the SSD approach 
is discussed (section 10.4). Hereafter, guidelines are presented at which phases of 
the river restoration projects SSDs of species pools can be applied to increase the 
project efficacy (section 10.5).The ecological benefits of LTDs and side channels are 
evaluated (section 10.6) whereupon the integration of the results is discussed as part of 
the RiverCare research programme (section 10.7). The remaining sections focus on the 
conclusions of this thesis (section 10.8), recommendations for further research (section 
10.9) and for management (section 10.10). 
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10.1. ABIOTIC PATCH QUALITY
The occurrence of freshwater species within river catchments is determined by the 
availability of microhabitat patches with suitable abiotic conditions (Frissel et al. 1986, 
Wiens 2002, Thorp et al. 2006). A microhabitat patch is characterized by a small scale 
(0.1 m) and is defined by Frissel et al. (1986) as: “system that has a relative homogenous 
substrate type, water depth, and velocity”. Quality of these patches varies in 
space and time and is influenced by the multitude of opportunities and threats to 
biodiversity acting in river catchments. Variability of patch quality in space and time, 
at an intermediate disturbance level, is beneficial for species diversity (Townsend et al. 
1997). Events at large spatial and temporal scales can have more severe impacts on 
patch quality thereby influencing the spatial occurrence of species (Lancaster 2000, 
Chapter 1). Frequencies of extreme events will increase due to climate change (Arnell 
1999, Lehner and Döll 2001, Middelkoop et al. 2001, Van Vliet et al. 2013), thereby 
disturbing the natural recurrence regimes of abiotic conditions limiting the possibility 
of species to adapt (Townsend 1991). This is of interest because extreme events 
greatly affect the acting environmental filter and thereby determine species diversity 
and ecosystem functioning. Droughts, either caused by water level management or 
by extreme discharges, severely change patch quality leading to the decline of local 
species assemblages (Ilarri et al. 2011, Chapter 4). In addition to a local decrease 
in species diversity, ecosystem functioning and services were negatively influenced 
(Chapter 5). Extreme events regarding water temperatures, high and low river flows 
or low dissolved oxygen levels have been found to reduce diversity of local species 
assemblages (Vervuren et al. 2003, Gunn and Snucins 2010, Chapter 4). 
Extreme events which are considered as being major disturbances facilitate 
biological invasions through 1) promoting spread via introduction of propagules; 
2) decreased resistance of native species communities to establishment of invasive 
alien species, and 3) creating an opportunity for establishment by low competition 
due to reduced densities of already established alien or native species (Diez et 
al. 2012). As alien species can be one of the major threats to biodiversity in river 
catchments (Sala et al. 2000) it is important to assess the abiotic conditions at which 
these species are capable to spread and establish viable populations. For instance, 
the alien Chinese mystery snail was found to inhabit water bodies with a wide range 
in abiotic conditions, allowing for population establishment and further spread of this 
species in the Rhine-Meuse river delta (Chapter 2). The establishment success of alien 
species is determined by the propagule pressure and the acting abiotic and biotic 
conditions at sites of introduction (Blackburn et al. 2011). Within populations natural 
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variation exists regarding their tolerance of the abiotic conditions that are detrimental. 
In the case of overland transport of full grown attached dreissenid mussels, between 
7.9 and 21.8% of the individuals were found to survive air exposure for at least 48 
hours allowing for human assisted spread to isolated waterbodies or inter-catchment 
spread (Chapter 3). Climate change may cause abiotic conditions (e.g., temperature 
or salinity regimes) of riverine ecosystems to become suitable for alien species but 
unsuitable for native species (Leuven et al. 2011, Verbrugge et al. 2012a), thereby 
shifting native species assemblages towards one dominated by alien species. 
 
10.2. SPECIES SENSITIVITY DISTRIBUTIONS
Existing concepts for structure and functioning of riverine ecosystems are largely 
qualitative, mainly describing the linkage between the biodiversity and functioning 
of pristine rivers and the human alteration of the river continuum, natural flood pulse 
or connectivity of river-floodplain systems (Lorenz et al. 1997, Thorp et al. 2006, Van 
der Velde et al. 2007, Chapter 1). These concepts are valuable in discerning and 
prioritizing restoration efforts but are seldom used in predictive quantitative models for 
biodiversity. A valuable descriptive riverine concept in this respect is the environmental 
filter concept which states that abiotic conditions at various spatiotemporal scales 
may act as filters of the regional species assemblage (Taylor et al. 1990, Poff 1997). 
The environmental filters themselves vary in time and space because of natural 
circumstances and human impact. 
 Recognition of the importance of environmental filters for local species 
occurrence has resulted in the development of habitat suitability models for single 
species (Heggenes et al. 1996, Parasiewicz and Dunbar 2001, Van Broekhoven et 
al. 2006, Mouton et al. 2007). Different modelling frameworks have been based on 
the habitat suitability approach (Parasiewicz and Dunbar 2001). The development of 
habitat suitability indices either requires extensive monitoring campaigns or the use 
of expert knowledge on the relation between species occurrence and environmental 
conditions. The latter may reduce the confidence level of habitat suitability indices. 
Habitat suitability assessments are often restricted to a single or a few species (Grift et 
al. 2003, Mouton et al. 2007) limiting our prediction of potential species assemblages. 
The species sensitivity distribution (SSD) approach provides a conceptual framework 
to predict potential species occurrence in specific (micro)habitats. 
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10.2.1. SSD comparison
Comparison of existing SSDs allows for predictions of the mean sensitivity and variation 
in sensitivity of various species groups for the environmental factors under study. 
Interestingly, for maximum water temperature its mean and variation in sensitivity show 
a high similarity between species groups. This implies that species are distributed 
evenly in regard of temperature niches, e.g. with an increase in water temperature 
both fish and bivalve diversity is affected equally. Also, the variation in sensitivity for 
maximum flow velocity was similar between species groups. Species listed as target 
species for ecological status assessments of large rivers in the Dutch assessment system 
for the Water Framework Directive (WFD) were found to be less sensitive to high flow 
velocities and showed a lower variability in sensitivity compared to the sensitivity of 
the entire species assemblage (Figure 10.1). Thus a focus of restoration measures on 
species listed in the WFD will not encompass restoration of flow regimes required for 
maintaining the entire species assemblage. Interestingly, experimental and field data 
based SSDs for maximum water temperature showed the same variation in sensitivity 
(Figure 10.1). This similarity allows to derive the impact of increases in temperature in 
riverine ecosystems using both experimental and field based data. Predictive value of 
the SSD approach increases by including multiple abiotic conditions (Chapter 7). 
Comparing sensitivity of native and alien species occurring in European rivers 
revealed no differences in sensitivity to flow velocity but did show differences in 
sensitivity to minimum and maximum water temperature (Chapter 6, Leuven et al. 
2011). Native species were more sensitive and showed less variation in sensitivity 
compared to alien species. The corresponding sensitivities of native and alien species 
assemblages to flow velocity is likely explained by the fact that rivers in the native range 
of alien species are characterized by a similar variability in flow velocity as European 
rivers (Koopman et al. 2018). Temperature regimes of river habitat patches are related 
to their location in the river continuum and their geographic position in different 
climate zones. Therefore, alien species inherently originating from river catchments 
within other climate zones than the receiving catchment are likely to be adapted to 
other temperature regimes than native fauna. 
533915-L-bw-Collas
Processed on: 2-8-2019 PDF page: 220
220
Synthesis
FIGURE 10.1  Sensitivity of various species groups expressed as the mean and 
standard deviation of developed SSDs for A) maximum flow velocity in cm.s-1 and 
B) maximum water temperature in oC. Presented SSDs were constructed by fitting a 
log normal distribution for flow velocity and normal distribution for water temperature. 
White circles: mean sensitivity expressed on the left y-axis; black squares: variation 
in sensitivity (= standard deviation, SD) expressed on the right y-axis. Experimental 
SSDs are based on sensitivities derived using laboratory experiments; habitat SSDs 
used occurrence data in close proximity for both space and time of measured abiotic 
conditions while waterbody SSDs used occurrence data combined with abiotic 
conditions of the entire waterbody. 
Sources: 1 Leuven et al. 2011, 2 Del Signore et al. 2016b, 3 Chapter 6, 4 unpublished data 
in Appendix: table S1). 
WFD = EU Water Framework Directive.
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FIGURE 10.2  Theoretical example of how SSDs can be used to assess ecosystem 
integrity or ecosystem functioning. The different colours of the data points 
represent traits or functions provided by the species pool. Roman numerals indicate 
environmental factor levels at which specific species traits or functions are lost from 
the potential species assemblage. When for instance environmental factor level I is 
reached species with the purple trait disappear, at level II with the yellow trait species 
and so on. N.B. new traits may also appear in changing environments.
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10.2.2. Ecosystem integrity and functioning
SSDs can also be used to derive abiotic condition levels at which vital species traits or 
functions provided by the assessed species group are present or lost (Figure 10.2). This 
approach would allow to derive explicit abiotic conditions that should not be exceeded 
in order to safeguard ecosystem functioning and related ecosystem services. As far as 
known such an approach has not yet been performed but it would require combining 
relevant traits and functions of the species in a specific ecosystem or habitat with the 
sensitivity of each species. Subsequently, an SSD can be constructed to derive levels at 
which specific characteristics, traits or functions are lost. These abiotic condition levels 
can then be used as protection levels to maintain the functioning of the ecosystem, 
to maintain important traits or to safeguard ecosystem services that are related to 
these traits and functions. Though caution is required as trait redundancy can increase 
resilience of an ecosystem (Oliver et al. 2015). The quantity of species with specific 
traits or functions can already be reduced to such an extent that the integrity and 
functioning of the ecosystem is affected before the trait or function becomes lost 
(Oliver et al. 2015). Moreover, traits in the system could increase for instance by the 
introduction of alien species. 
10.3. SSD VALIDATION
Vital for the application of SSDs is validation of the predicted effects on the regional 
species pool due to the acting environmental filter. SSD based ecotoxicological 
predictions of local species pools were found to fit to actual species pools in the 
field (Hose and Van den Brink 2004, Smetanová et al. 2014). Validation of laboratory 
sensitivities based SSDs for salinity levels using field observations was performed by 
Kefford et al. (2006) who found that the predicted lost taxa corresponded well with the 
taxa found to be absent during field monitoring. Validation of SSD predictions made 
for the river Rhine using existing monitoring data also shows a high predictive value of 
the SSD for freshwater bivalves and gastropods based on the combined effect of water 
temperature, salinity and air exposure (Chapter 7). 
Physical conditions in rivers are characterized by a high spatial and temporal 
variation (e.g. flow velocity during high and low discharges or ship passages). This 
urges the need for field based approaches that allow measurements to be performed 
on a regular basis with a spatial detail that matches patch sizes without being too 
labour intensive. Abiotic measurements (e.g. water temperature) that do not take the 
spatial variation into account can result in under- and overestimation of potentially 
occurring fractions of regional species pools (Chapter 9). 
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Easy to deploy unmanned airborne vehicles (UAV) equipped with infrared cameras 
were found to accurately measure water temperature with sufficient spatial detail 
(Chapter 9). In the near future regular acquisition of large highly detailed spatial 
explicit datasets of abiotic conditions using UAVs, unmanned underwater vehicles 
(UUV) and other measuring techniques (e.g. fiber optic cables) will become common 
good (Everaerts 2008, Watts et al. 2012). These technological developments enable 
extensive applications of the SSD approach allowing for more reliable assessments of 
abiotic constraints of regional species pools and increasing effectivity of restoration 
measures. 
10.4. SSD APPLICATION
To optimize and evaluate restoration measures it is important to assess the potential 
species pool for as many species groups as possible as their sensitivity may differ 
(Table 10.1). For instance, the potentially occurring fraction (POF) based on flow 
velocity requirements of aquatic macrophytes listed as target species for ecological 
status assessments of large rivers in the Dutch assessment system for the Water 
Framework Directive (WFD) declines more rapidly with increasing velocities compared 
to listed macroinvertebrates (Table 10.1). Based on this difference, suitability would 
be higher for macroinvertebrates, though many macroinvertebrates depend on the 
presence of aquatic macrophytes as substratum (Harper and Smith 1995, Wade 1995). 
Considering different species groups indirectly allows for taking biotic interactions 
among species and species groups into account, resulting in more accurate POF 
predictions. For instance, mussels belonging to the Unionidae have a parasitic life 
stage, the glochidium, that attaches to a host, viz. the gills of fish (Gittenberger et 
al. 2004). During this phase their potential occurrence is dependent on the abiotic 
requirements of the host species. Thus taking into account multiple species groups 
(viz. bivalves and fish hosts) would increase the POF prediction. Assessing the potential 
occurrence of all species groups included in the WFD allows for predicting WFD scores 
based on abiotic patch qualities. In the case of flow velocity, highest POF values and 
hence WFD score can be achieved between 20 and 50 cm.s-1. 
In addition to including multiple species groups, more than one acting environmental 
filter should be considered (e.g. temperature, salinity and air exposure; Chapter 7) 
since numerous environmental stressors act simultaneously (Leuven et al. 1998, Leuven 
and Poudevigne 2002). Combined effects of stressors can be antagonistic, additive or 
synergistic, though often additive effects are used as they provide a reasonable worst 
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case estimation (Leuven et al. 1998). Contrary to chemical substances which only affect 
the species occurrence when threshold or maximum concentration values are passed 
(Del Signore et al. 2016a), physical environmental factors and essential nutrients can 
also be limiting when their values are too low (Chapter 6, Brunke et al. 2001, Struijs et 
al. 2011, Azevedo et al. 2013, Elshout et al. 2013; Table 10.1). Construction of SSDs for 
minimum and maximum requirements is therefore necessary to increase the predictive 
value of the SSD application. Due to the continuous release of new pollutants like 
microplastics (Wagner et al. 2014, Dris et al. 2015), residuals of medicines (Johnson et 
al. 2013), and to the increasing of anthropogenic underwater sound (Slabbekoorn et al. 
2010) development of new SSDs is required to accurately predict species occurrence. 
 Aquatic 
macrophytes 3
Macroinvertebrates 4,5 Fish 1,2 All groups combined  
Flow velocity 
(cm.s-1)
Maximum Minimum Maximum Minimum Maximum Minimum Maximum Potential 
WFD score
10 1.00 0.57 1.00 0.70 1.00 0.63 1.00  
20 1.00 0.93 1.00 0.92 1.00 0.91 1.00  
30 1.00 1.00 1.00 0.99 0.98 0.99 0.99  
40 1.00 1.00 0.98 1.00 0.95 1.00 0.96  
50 0.98 1.00 0.94 1.00 0.90 1.00 0.91  
60 0.86 1.00 0.88 1.00 0.83 1.00 0.83  
70 0.60 1.00 0.79 1.00 0.76 1.00 0.74  
80 0.32 1.00 0.69 1.00 0.69 1.00 0.64  
90 0.13 1.00 0.59 1.00 0.62 1.00 0.55  
100 0.05 1.00 0.50 1.00 0.56 1.00 0.47  
110 0.01 1.00 0.41 1.00 0.50 1.00 0.39  
120 0.00 1.00 0.33 1.00 0.44 1.00 0.32  
130 0.00 1.00 0.27 1.00 0.39 1.00 0.27  
140 0.00 1.00 0.22 1.00 0.35 1.00 0.22  
150 0.00 1.00 0.17 1.00 0.31 1.00 0.18  
160 0.00 1.00 0.14 1.00 0.27 1.00 0.15  
170 0.00 1.00 0.11 1.00 0.24 1.00 0.12  
180 0.00 1.00 0.08 1.00 0.21 1.00 0.10  
190 0.00 1.00 0.07 1.00 0.19 1.00 0.08  
200 0.00 1.00 0.06 1.00 0.17 1.00 0.07  
Sensitivity data sources: 1 Panten et al. 2015; 2 Del Signore et al. 2016; 3 Thunnissen 2017; 4 Meijers 2017; 5 Chapter 6. 
TABLE 10.1  Potentially occurring fractions (POF) of aquatic macrophytes, macroinvertebrates and fi sh listed as target 
species for water type R7 (slowly fl owing river or side channel on sand or clay) in the Dutch assessment system for the 
Water Framework Directive (WFD) in relation to their minimum and maximum fl ow velocity requirements.
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10.5. OPTIMIZATION OF MEASURES
The implementation of river restoration measures encompasses a distinct project cycle 
consisting of 1) project identification, 2) project formulation, 3) project implementation, 
and 4) project monitoring and evaluation (Plan, Do, Check, Act – PDCA, Angelopoulos 
et al. 2017). Identification of the project starts with defining benchmarks and endpoints, 
subsequently the measure is designed. Feasibility of the design within the available 
leeway is assessed using computer models. Next, the restoration measure can be 
implemented when the model assessment confirms the desired effect. After the 
measure has been implemented its effectiveness is monitored allowing for evaluation 
of the measure. When necessary the measure has to be optimized or redesigned to 
increase its effectiveness. 
10.5.1. Project formulation phase
Within the project cycle discrepancies exist between the spatial and temporal 
dimensions taken into account. For example, in the project formulation phase of 
longitudinal training dams (LTDs) in the river Waal extensive assessments of potential 
effects on hydro-geomorphology were made at small spatial scales and with a 
variety of discharges (e.g. temporal dimension; Huthoff et al. 2011). Potential effect 
assessments on biodiversity and ecological values were limited to general indications 
without explicitly taking into account spatial scale and temporal variability (Liefveld 
et al. 2011). A non-exhaustive literature search resulted in numerous detailed hydro-
geomorphological assessments of riverine projects (Van den Brink 2009, Van Dongen 
2016, Kroekenstoel 2017). Interestingly, ecological effects were attributed to all these 
riverine projects, but no spatiotemporal detailed ecological assessments could be 
found. 
Fortunately, the existing extensive hydro-geomorphological assessments can easily 
be combined with SSDs. Software regularly used for assessments of riverine measures 
in the Netherlands are Delft3D (Deltares 2018a), Simona (Helpdesk Water 2018) and 
SOBEK (Deltares 2018b), all giving output in the form of abiotic condition levels. By 
using the already available abiotic model output to predict the POF of several species 
groups an ecological assessment can be made during the formulation phase allowing 
for tweaking of the design within the existing leeway when potential ecological 
benefits are insufficient. 
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10.5.2. Project monitoring and evaluation phase
SSD assessment can help to optimize post-project monitoring campaigns. In order 
to fully check effectiveness of river restoration measures for fish, macroinvertebrates, 
aquatic macrophytes and other species groups extensive monitoring campaigns have 
to be performed for long time periods which are costly (Keizer-Vlek et al. 2011, Stein et 
al. 2014). Moreover, ecological monitoring is often limited in time and space negatively 
affecting a sound ecological evaluation of river restoration measures (Palmer et al. 
2005, Wohl et al. 2005). Using novel techniques data on abiotic conditions (e.g. flow 
velocity, substrate, water depth and water temperature) can be acquired with a high 
spatial and temporal detail and limited effort (Kostaschuk et al. 2005, Mehler et al. 
2018, Chapter 9). Through combining spatiotemporal abiotic measurements with SSDs 
an assessment can be made of locations within the restoration measure which are 
expected to harbour the highest number of target species. Subsequently, monitoring 
efforts can focus on sampling of these specific locations in order to increase sampling 
efficiency and reduce sampling costs. 
Maintenance of existing restoration measures is often unclear as prior to their 
construction generally no explicit ecological goals have been defined and more 
importantly no ecological threshold values have been derived (Palmer et al. 2005). As a 
result decisions on intervening in the succession of riverine ecosystems after restoration 
measures may be flawed by the absence of an explicit baseline. Incorporating SSDs 
in the project formulation phase inherently results in setting goals and (un)desirable 
thresholds. For example, the design of the restoration measure may be changed 
when during its formulation phase SSD modelling outcomes show that flow velocity 
is insufficient rendering patch quality too low for the intended target species. These 
target species/patch quality requirements can then be used as ecological benchmarks 
to evaluate the efficacy of a restoration measure over time. Moreover, action can be 
undertaken when these ecological goals are no longer met. Recently, efforts have been 
undertaken by the Dutch Ministry of Infrastructure and Water Management to define 
more explicitly ecological benchmarks during the design phase of river restoration 
projects based on environmental requirements of species (Marijs 2016, 2018).
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10.6. EVALUATION OF SHORE AND SIDE 
CHANNELS IN THE RIVER RHINE
The importance of hydrological connectivity is exemplified by the temperature based 
SSD assessment of an existing side channel in the river Waal (Chapter 8). Water 
temperatures were found to show a higher variability in the side channel compared 
to nearby groyne fields. Though, due to a low connectivity of the side and main 
channel, the side channel warmed to such an extent that occurrence of native and 
alien freshwater fishes was limited by temperature conditions. During the day the side 
channel had more unfavourable conditions for native fish compared to groyne fields 
whereas at night this pattern was reversed. To provide fish with the possibility to move 
to less deleterious temperature conditions (thermal refugia) it is necessary to have 
an open connection to the main channel. Moreover, increasing connectivity during 
the day would result in higher water exchange between the river and side channel, 
thereby lowering water temperatures and increasing ecological potential throughout 
the day (Matthews et al. 1994, Sinokrot and Gulliver 2000). The observed diel change in 
water temperature further indicates the importance of timing of sampling to increase 
its efficiency. When explicit SSD-based threshold values would have been determined 
in the project formulation phase of the side channel management actions might have 
been undertaken due to the measured ecological potential. To safeguard the function 
of side, shore and main channels for riverine biodiversity it is vital to regularly assess 
the abiotic conditions and ecological potential and to compare these conditions with 
threshold values for protection of target species that should not be exceeded. 
As advocated by Palmer et al. (2010) to increase effectiveness of ecological 
restoration measures, acting stressors should be mitigated as much as possible. 
Navigation induced changes in water level, water dynamics, flow velocity and 
underwater sound levels in the littoral zone of the river Waal were drastically reduced 
by the construction of longitudinal training dams (LTDs, Chapter 9). Fish abundance 
and diversity increased in the shore channel compared to nearby groyne fields. The 
shore channels along the LTDs are also characterized by a high connectivity to the main 
channel compared to other restoration measures such as side channels since the shore 
channel is wider and deeper and subsequently flows throughout the year. During low 
discharges flow velocity in many side channels is too low for many rheophilic species 
and during the extremely dry summer and autumn of in 2018 in the river Rhine many 
inlets of side channels even fell dry (personal observation). As ecological integrity for 
large floodplain rivers is primarily a function of hydrological connectivity (Ward and 
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Wiens 2001), the construction of LTDs and their shore channels increase ecological 
integrity of littoral zones in rivers in comparison with traditional approaches such as 
groynes or rip rap. Due to the connectivity in combination with natural flow pulses 
shore erosion is occurring at several locations in the shore channel (Figure 10.3A and 
B).
FIGURE 10.3  Aerial view of A) bank erosion in the shore channel along the longitudinal 
training dam (LTD) in the river Waal near the municipality of Tiel in the Netherlands; 
B) detailed view of bank erosion in an LTD shore channel; C) littoral zone in an LTD shore 
channel, and D) littoral zone in groyne fields in the river Waal near the municipality of 
Heerewaarden in the Netherlands.
A B
DC
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Simultaneously, sediment is deposited on the shore during floods (Van Winden 
et al. 2018) creating sand dunes that rejuvenate river banks (Geerling et al. 2006). 
At other locations islands are formed in the littoral zone increasing heterogeneity in 
flow velocity, water depth and water temperature (Figure 10.3C) compared to groyne 
fields (Figure 10.3D). A recent survey in the shore channel shows higher densities of 
larvae of the endangered river lamprey (Lampetra fluviatilis (Linnaeus, 1758)) and river 
clubtail (Gomphus flavipes (Charpentier, 1825)) (Dorenbosch et al. 2018), both sensitive 
species with specific habitat requirements. The increased densities of these two rare 
and endangered species support the notion that patch quality and heterogeneity have 
increased. In the future, the high connectivity facilitates the influence of natural flow 
pulses and sediment dynamics on patch quality which in turn might result in recurrent 
rejuvenation and higher resilience of riverine ecosystems (Bayley 1995, Gore and Shields 
1995, Jungwirth et al. 2002). Therefore, it is important that river management takes the 
positive influence of natural dynamics into account and minimizes human influence on 
the development of the shore channel (e.g. reduce dredging and excavation).
10.7. RIVERCARE RESEARCH PROGRAMME
As voiced by the RiverCare research programme (Hulscher et al. 2014) this thesis 
integrates biotic and abiotic conditions of habitat patches with the aim to establish 
predictive SSD models. The application of such models is evaluated (Chapter 6 and 
7) and guidelines for their management application are given (see 10.5.). Explicitly 
considering and applying the SSD approach during restoration project formulation 
and subsequent monitoring and evaluation will aid in “predict[ing] the intermediate 
and long-term developments [of ecological status in river systems]” and in “increasing 
[ecological] benefits of interventions” being part of the aim of the RiverCare research 
programme (Hulscher et al. 2014). 
Outcomes of this thesis have been integrated with other work packages within 
RiverCare. Effects of extreme abiotic conditions on species occurrence (Chapter 5) 
were used to quantify the impact of such events on ecosystem services provided by 
freshwater mussels. SSDs have been developed to assess the effect of ship induced 
changes in flow velocity on freshwater molluscs (Koopman et al. 2018). Quantification 
of fish biomass in the LTD shore channel as an ecosystem service yielded higher 
fish densities and biomass than before their construction (Koopman et al. 2019), 
underpinning the applicability of this thesis (Chapter 9). Collaboration with the remote 
sensing research within RiverCare allowed for assessing the spatiotemporal variation in 
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water temperature in a restoration measure and its effect on the potential occurrence 
of fish species (Chapter 8). Within RiverCare the RiverScape tool is being developed 
that allows flood hazard scenario analyses following river management measures 
(Straatsma and Kleinhans, 2018). The predictive SSD models developed in this thesis 
may contribute to this tool by allowing quantification of potential species diversity 
under different management scenarios. 
10.8. CONCLUSIONS
•  Spread of the alien species, such as the Chinese mystery snail and dreissenid 
mussels, was found to be facilitated by local abiotic conditions such as temperature, 
flow velocity and air exposure, allowing for population establishment and further 
spread in the Rhine-Meuse river delta.
•  Altered regimes of water level fluctuations by droughtsin rivers were found to 
reduce mollusc species richness and ecosystem functioning (e.g., filtration 
capacity).
•  Native bivalves were significantly more sensitive for maximum water temperatures 
compared to alien bivalves whereas no difference was found for maximum flow 
velocity, water depth and dissolved oxygen levels. 
•  Prediction of species occurrence using data on local environmental conditions 
and species sensitivity distribution (SSDs) for air exposure, temperature and 
salinity explained on average 62 and 80% of the actual occurring native and alien 
species assemblages. 
•  Application of the SSD approach to non-chemical factors such as temperature, 
flow velocity and air exposure was found to be reliable to predict local species 
assemblages, though it requires taking into account the spatial and temporal 
variation of environmental factors. 
•  Generic patterns in the mean and shape of SSDs developed for temperature 
and flow velocity increase the added value of the SSD approach as a conceptual 
framework to assess potential local species assemblages in river catchments. 
•  Remotely sensed water temperature using thermal imagery attached to an 
unmanned airborne vehicle were found to be an easy to deploy tool to accurately 
predict water temperatures in a side channel. The high accuracy and spatial detail 
allowed to use SSDs to predict the potential fish species assemblages at a patch 
scale. 
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•  During hot summer periods, water temperatures in large parts of a side channel 
were elevated to such an extent (up to ~28 oC) that detrimental effects on 61% 
and 46% of native and alien fish species may occur during the day, respectively. 
Increasing hydrological connectivity between side and main channels and 
increasing discharge in the side channel during low discharge would lower water 
temperatures thereby increasing the ecological potential of the side channel 
during summer months. 
•  Replacement of traditional groynes by longitudinal training dams (LTDs) in 
highly navigated rivers was found to strongly reduce negative effects on abiotic 
conditions exerted by the passing of ships and to improve habitat patch quality 
and densities of fish and macroinvertebrates in the littoral zones. 
10.9.  RECOMMENDATIONS FOR FURTHER 
RESEARCH
•  Further studies on additional abiotic requirements (e.g. water depth, dissolved 
oxygen levels) of various species groups (e.g. macroinvertebrates, meiofauna, 
microfauna) living in large rivers should be performed to support a more holistic 
approach in restoration of riverine ecosystems. 
•  More insights are needed on the effects of interaction between multiple abiotic 
factors on the occurrence of riverine species to further increase the predictive 
value of the SSD approach. 
•  Systematic comparisons of the abiotic requirements of native and alien species 
groups are necessary to determine risks of dominant pathways for the introduction, 
establishment and spread of alien species.
•  Studies should attempt to determine the abiotic thresholds at which species 
with specific traits, characteristics or functions of ecosystems are lost to provide 
explicit abiotic criteria for conservation of biodiversity and restoration of riverine 
ecosystems. 
•  Changes in species behaviour in relation to heterogeneity in patch quality 
should be investigated to further improve spatial and temporal predictions and 
assessments of potential species assemblages. 
•  With an ever-changing influence of humans on river systems it is important to 
develop SSDs for effects on biodiversity of emerging pressures like microplastics, 
pharmaceuticals and underwater sound.
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10.10. RECOMMENDATIONS FOR 
MANAGEMENT
•  Future restoration measures should be designed and evaluated using the SSD 
approach. 
•  General guidelines should be developed on how to explicitly include the abiotic 
requirements of riverine species into the design process of ecological restoration 
measures. 
•  The SSD approach should be incorporated in the design, effectiveness assessment 
and maintenance of restoration measures as whole species assemblages can be 
considered. 
•  Ecological and hydro-geomorphological monitoring have to be intertwined in 
the post project monitoring and evaluation phase of restoration measures like 
shore and side channels to enhance efficiency of ecological monitoring and to 
safeguard that ecological functions are maintained. 
•  Hydrological connectivity between the main river channel on the one hand and 
side channels on the other has to be increased and natural dynamics of river flow, 
flood pulses and sedimentation-erosion processes should be given more room 
in restoration measures to increase the ecological potential of river-floodplain 
systems. 
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APPENDIX
TABLE S1  Overview of recorded maximum fl ow velocities occurences in the fi eld for numerous 
riverine species and the respective source of each value.
Species group Species Maximum 
(cm.s-1)
Source
Macroinvertebrates Amphinemura standfussi 50 Armitage et al. 1996
Macroinvertebrates Amphinemura sulcicollis 101 Slater 1976
Macroinvertebrates Baetis alpinus 92 Hieber 2002
Macroinvertebrates Baetis fuscatus 130 Niechwiej 2016
Macroinvertebrates Baetis lutheri 130 Habdija et al. 2004
Macroinvertebrates Baetis melanonyx 130 Niechwiej 2016
Macroinvertebrates Baetis muticus 130 Niechwiej 2016
Macroinvertebrates Baetis niger 110 Niechwiej 2016
Macroinvertebrates Baetis rhodani 101 Slater 1976
Macroinvertebrates Baetis scambus 110 Niechwiej 2016
Macroinvertebrates Baetis vernus 52 Muotka 1990
Macroinvertebrates Brachyptera risi 93 Milner et al 2015
Macroinvertebrates Caenis macrura 60 Galdean and Staicu 1997
Macroinvertebrates Chloroperla tripunctata 101 Slater 1976
Macroinvertebrates Dinocras cephalotes 72 Slater 1976
Macroinvertebrates Ecdyonurus dispar 80 Slater 1976
Macroinvertebrates Ecdyonurus insignis 63.3 Camargo et al. 2005
Macroinvertebrates Ecdyonurus venosus 130 Niechwiej 2016
Macroinvertebrates Heptagenia sulphurea 101 Slater 1976
Macroinvertebrates Hydropsyche angustipennis 100 Herland 2012
Macroinvertebrates Hydropsyche contubernalis 67 Slater 1976
Macroinvertebrates Hydropsyche pellucidula 100 Skuja 2010
Macroinvertebrates Hydropsyche saxonica 100 Habdija et al. 2004
Macroinvertebrates Isoperla grammatica 101 Slater 1976
Macroinvertebrates Leuctra fusca 100 Armitage and Ladle 1989b
Macroinvertebrates Lepidostoma hirtum 100 Skuja 2010
Macroinvertebrates Nemoura avicularis 60 Bertoncin 2013
Macroinvertebrates Nemoura cinerea 50 Armitage et al. 1996
Macroinvertebrates Nemurella pictetii 92 Hieber 2002
Macroinvertebrates Perlodes microcephalus 93 Slater 1976
Macroinvertebrates Protonemura meyeri 101 Slater 1976
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TABLE S1  Overview of recorded maximum fl ow velocities occurences in the fi eld for numerous 
riverine species and the respective source of each value.
Species group Species Maximum 
(cm.s-1)
Source
Macroinvertebrates Ecdyonurus dispar 80 Slater 1976
Macroinvertebrates Ecdyonurus insignis 63.3 Camargo et al. 2005
Macroinvertebrates Ecdyonurus venosus 130 Niechwiej 2016
Macroinvertebrates Heptagenia sulphurea 101 Slater 1976
Macroinvertebrates Hydropsyche angustipennis 100 Herland 2012
Macroinvertebrates Hydropsyche contubernalis 67 Slater 1976
Macroinvertebrates Hydropsyche pellucidula 100 Skuja 2010
Macroinvertebrates Hydropsyche saxonica 100 Habdija et al. 2004
Macroinvertebrates Isoperla grammatica 101 Slater 1976
Macroinvertebrates Leuctra fusca 100 Armitage and Ladle 1989b
Macroinvertebrates Lepidostoma hirtum 100 Skuja 2010
Macroinvertebrates Nemoura avicularis 60 Bertoncin 2013
Macroinvertebrates Nemoura cinerea 50 Armitage et al. 1996
Macroinvertebrates Nemurella pictetii 92 Hieber 2002
Macroinvertebrates Perlodes microcephalus 93 Slater 1976
Macroinvertebrates Protonemura meyeri 101 Slater 1976
Macroinvertebrates Psychomyia pusilla 100 Skuja 2010
Macroinvertebrates Siphonoperla burmeister 114 Galdean and Staicu 1997
Macroinvertebrates Anodonta anatina 90 Collas et al. 2018
Macroinvertebrates Anodonta cygnea 75 Collas et al. 2018
Macroinvertebrates Sphaerium rivicola 200 Collas et al. 2018
Macroinvertebrates Sphaerium solidum 100 Collas et al. 2018
Macroinvertebrates Unio crassus nanus 200 Collas et al. 2018
Macroinvertebrates Unio tumidus 664 Collas et al. 2018
Fish Acipenser sturio 220 Kroes et al. 2007
Fish Alosa alosa 200 Cowx et al. 2004
Fish Alburnus alburnus 150 Crombaghs et al. 2000
Fish Alburnoides bipunctatus 101 Amirowicz and Kukula 2005
Fish Alosa fallax 200 Kroes et al. 2007
Fish Anguilla anguilla 100 Crombaghs et al. 2000
Fish Barbatula barbatula 101 Amirowicz and Kukula 2005
Fish Barbus barbus 180 Wijmans 2007
Fish Carassius carassius 50 Crombaghs et al. 2000
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TABLE S1  Overview of recorded maximum fl ow velocities occurences in the fi eld for numerous 
riverine species and the respective source of each value.
Species group Species Maximum 
(cm.s-1)
Source
Fish Chondrostoma nasus 110 Beekman 2005 
Fish Coregonus oxyrinchus 110 Borcherding et al. 2014
Fish Cobitis taenia 100 Crombaghs et al. 2000
Fish Gasterosteus aculeatus 100 Crombaghs et al. 2000
Fish Gobio gobio 100 Crombaghs et al. 2000
Fish Lampetra fl uviatilis 280 Holcik 1986
Fish Leucaspius delineatus 60 Crombaghs et al. 2000
Fish Leuciscus idus 150 Koopmans et al. 2006
Fish Leuciscus leuciscus 100 Crombaghs et al. 2000
Fish Lota lota 50 Kroes et al. 2007
Fish Misgurnus fossilis 10 Van Beek 2003
Fish Osmerus eperlanus 200 Crombaghs et al. 2000
Fish Perca fl uviatilis 100 Crombaghs et al. 2000
Fish Phoxinus phoxinus 101 Amirowicz and Kukula 2005
Fish Rhodeus sericeus amarus 70 Zanella et al. 2008
Fish Salmo salar 200 Kroes et al. 2007
Fish Salmo trutta 200 Kroes et al. 2007
Fish Scardinius erythrophthalmus 100 Crombaghs et al. 2000
Fish Squalius cephalus 140 Crombaghs et al. 2000
Fish Tinca tinca 100 Crombaghs et al. 2000
Aquatic macrophytes Butomus umbellatus 70 Oťaheľova et al. 2007
Aquatic macrophytes Ceratophyllum demersum 80 Hussner and Lösch 2005
Aquatic macrophytes Elodea canadensis 73 Breugnot et al. 2008
Aquatic macrophytes Elodea nuttallii 70 Oťaheľova et al. 2007
Aquatic macrophytes Lemna minor 73 Breugnot et al. 2008
Aquatic macrophytes Myriophyllum spicatum 73 Breugnot et al. 2008
Aquatic macrophytes Nuphar lutea 80 Bobrov 2007
Aquatic macrophytes Nymphaea alba 65 Baláži & Hrivnák 2016
Aquatic macrophytes Potamogeton crispus 73 Breugnot et al. 2008
Aquatic macrophytes Potamogeton lucens 43 Bernez et al. 2004
Aquatic macrophytes Potamogeton natans 65 Hussner and Lösch 2005
Aquatic macrophytes Potamogeton nodosus 73 Breugnot et al. 2008
Aquatic macrophytes Potamogeton pectinatus 88 Chambers et al. 1991
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TABLE S1  Overview of recorded maximum fl ow velocities occurences in the fi eld for numerous 
riverine species and the respective source of each value.
Species group Species Maximum 
(cm.s-1)
Source
Aquatic macrophytes Nuphar lutea 80 Bobrov 2007
Aquatic macrophytes Nymphaea alba 65 Baláži & Hrivnák 2016
Aquatic macrophytes Potamogeton crispus 73 Breugnot et al. 2008
Aquatic macrophytes Potamogeton lucens 43 Bernez et al. 2004
Aquatic macrophytes Potamogeton natans 65 Hussner and Lösch 2005
Aquatic macrophytes Potamogeton nodosus 73 Breugnot et al. 2008
Aquatic macrophytes Potamogeton pectinatus 88 Chambers et al. 1991
Aquatic macrophytes Potamogeton perfoliatus 80 Bobrov 2007
Aquatic macrophytes Potamogeton pusillus 70 Oťaheľova et al. 2007
Aquatic macrophytes Ranunculus fl uitans 120 Pott and Remy 2008
Aquatic macrophytes Sagittaria sagittifolia 65 Baláži & Hrivnák 2016
Aquatic macrophytes Sparganium emersum 90 Bobrov 2007
Aquatic macrophytes Spirodela polyrhiza 73 Breugnot et al. 2008
Aquatic macrophytes Zannichellia palustris 70 Janauer et al. 2010
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Globally, biodiversity and ecosystem functions in river catchments are under pressure. 
Human activities within river catchments result in several threats for biodiversity, such 
as: 1) water pollution, 2) modification of flow, 3) habitat alteration and destruction, 4) 
overexploitation of water and organisms, 5) introduction of invasive alien species, and 
6) the overarching environmental consequences caused by climate change. All these 
threats directly and indirectly affect the abiotic conditions of habitat patches in which 
species occur. Therefore, it is vital to take abiotic requirements of species into account 
to optimize the decision making for managing riverine ecosystems. The goal of this 
thesis is to enlarge our body of knowledge on environmental requirements of species 
and using these requirements to evaluate the efficacy of river restoration measures. 
The focus is on native and alien freshwater snail, mussel and fish species occurring 
in the Rhine-Meuse river delta with particular attention to changing environmental 
conditions due to climate change and high shipping intensities. To achieve this goal 
the following research questions have been addressed:
• What are the abiotic requirements of these species in riverine ecosystems? 
•  How do environmental disturbance events influence the mollusc species 
composition and the ecosystem services they provide? 
•  What are the sensitivities of mollusc species to climate related environmental 
factors?
•  How effective are recent restoration measures in the river Rhine, i.e. the 
replacement of river groynes by longitudinal training dams and construction of 
shore and side channels?
In chapter 2 the invasion risk of the Chinese mystery snail (Bellamya (Cipangopaludina) 
chinensis) in the Rhine-Meuse river delta was assessed. Part of the risk assessment 
consisted of analysing the ranges of abiotic conditions for occurrence of this species in 
its native range and introduced areas. The species was found to inhabit habitats with 
a broad range of abiotic conditions, classifying the species as one with a high risk of 
further spread and establishment in European river catchments. Additionally, chapter 3 
experimentally assessed the spread risk of two invasive alien dreissenids, the Quagga 
mussel (Dreissena rostriformis bugensis) and Zebra mussel (Dreissena polymorpha), via 
the boat-hull mediated pathway. Their survival during overland transport of boats was 
assessed within a time window of harmful air exposure. An extension of the duration 
of the air exposure duration decreased the probability of overland spread, though 
even with 48 hours exposure individuals were found to survive such conditions. These 
results show the importance of tolerance of species for abiotic conditions as this allows 
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evaluating the probability of colonization and suitability of habitat patches.
Ecosystem effects of changes in habitat patches were assessed using extreme 
events that pushed environmental conditions out of their natural range. Chapter 4 
analysed the impacts on the local dreissenid population following a sudden human 
induced extreme drawdown in water level resulting in exposure to sub-zero air 
temperatures in the river Nederrijn. Wash up of mussel shells immediately after 
the event were mainly alien species, implying that invaders strongly dominated the 
local mollusc assemblages. Dreissenid densities decreased due to this event and 
slowly recovered within 18 months. Another accidental sudden drawdown allowed 
quantifying the impact of mass mortality on the filtration capacity of dreissenid mussels 
in an impounded section of the river Meuse (Chapter 5). Field monitoring of mussel 
densities on exposed groynes combined with unmanned airborne vehicle (UAV) 
acquired depth elevation models (DEMs) of groynes allowed to quantify the loss of 
water purification service due to the mortality of dreissenids following the sudden air 
exposure. Mortality under such conditions was found to be 100% after 15 days causing 
a full loss of their filtration capacity on the groynes. When water levels recovered, 
dreissenids recolonised groynes within 17 months thereby restoring their contribution 
to purify water. Both studies reveal that (extreme) environmental disturbance events 
can have profound impacts on species composition and ecosystem services. Once 
original conditions have returned recolonization takes place with a certain time-lag 
and species composition and provided services appeared to return to pre-event levels. 
The sensitivities of freshwater molluscs to climate-related environmental factors 
(temperature, discharge) were derived (Chapter 6). An extensive literature review was 
performed collecting data on minimum and maximum levels of environmental factors 
that determine the occurrence of mollusc species, such as water temperature, oxygen 
availability, water depth, and flow velocity. A distinction was made between habitat 
based and water body based measurements of environmental factors in relation to 
the occurrence of mollusc species. In addition, laboratory based tolerances of mollusc 
species to these environmental factors were derived from literature. Subsequently, their 
minimum and maximum sensitivity for the aforementioned environmental factors were 
used to derive predictive species sensitivity distributions (SSDs) for local species pools. 
In chapter 7 SSDs for water temperature, salinity and air exposure predict the local 
mollusc species pool in the river Rhine. SSDs for these three factors combined with 
ambient levels in the river Rhine explained 62 and 80% of the actually absent fraction 
of the local native and alien species pool, respectively. This high predictive power of 
the SSDs renders them a valuable approach for both predicting and evaluating the 
efficacy of river restoration measures. 
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SSDs were applied for assessing effects of spatiotemporal variability in abiotic 
conditions on potential occurrence of native and alien fish species in river restoration 
projects (chapter 8). Water temperature was measured at dimensions of 0.25 m x 
0.25 m in a side channel along the river Waal using thermal imagery outfitted to a 
unmanned airborne vehicle (UAV). The high accuracy of these measurements revealed 
a temporal pattern of warming and subsequent cooling during a hot summer day. 
Combining water temperature measurements with an SSD for maximum water 
temperature tolerance of all fish species that occur in the river Rhine the potential 
occurring fraction of this species pool was assessed. This generally decreased during 
the day when rising water temperatures became too high. Overall the suitability for 
predicted local species pool of alien fish species remained higher throughout the day 
compared to that of native fishes. This implies that for meeting the requirements of 
native fish, mitigating high water temperatures in this side channel may be necessary 
from an ecological restoration perspective e.g. by increasing the discharge through 
side channels, creating deeper and shaded sections. 
Recently, novel longitudinal training dams (LTDs) have been constructed in the 
river Waal as part of the programme ‘Room for the River’. Replacing the original river 
groynes and creating more sheltered shore channels. These LTDs function as an integral 
measure 1) to increase and maintain the minimum water depth for navigation, 2) to 
increase discharge capacity for improved flood safety, 3) to facilitate the safe discharge 
of ice, 4) to reduce fairway maintenance costs and 5) to reduce the impacts of passing 
ships on abiotic conditions of patches in the littoral zone. Chapter 9 assesses the effect 
of LTDs on abiotic conditions and fish densities in the littoral zones of shore channels 
behind these dams. An LTD was found to stabilise flow patterns in the shore channel 
and reduces the impacts of navigation on the occurrence of fish species compared 
to nearby habitats in traditional groyne fields. Fish densities in the shore channel 
were significantly higher than in groyne fields, indicating that LTDs are effective to 
rehabilitate littoral zones of intensively navigated rivers while simultaneously reducing 
flood risk and enabling shipping. 
The outcomes of this thesis have expanded our body of knowledge on environmental 
requirements of riverine mussels, snails and fish. This knowledge allowed using 
the SSD approach for predicting and evaluating the efficacy of river restoration 
measures. Therefore, chapter 10 addressed the application of the SSD approach 
for river management. The added value of SSDs is discussed both for prediction in 
the planning and post-project appraisal of riverine restoration measures. During the 
project formulation, project monitoring and evaluation phase SSDs were found to be 
easily applicable and to support the choice and design of measures. 
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Wereldwijd staan de biodiversiteit en ecosysteemfuncties van rivieren onder druk met 
name door menselijke activiteiten, zoals: 1) vervuiling, 2) verandering van waterafvoer, 
3) aantasting en vernietiging van habitat, 4) overbenutting van water en organismen, 
5) introductie van invasieve uitheemse soorten, en 6) het overkoepelende effect van 
klimaatverandering op milieuomstandigheden. Deze activiteiten hebben een directe 
en indirecte invloed op de kwaliteit van de habitat waar soorten (kunnen) voorkomen. 
Voor optimalisatie van de besluitvorming over het beheer van rivierecosystemen 
is het belangrijk om zowel de fysische als chemische milieueisen van soorten in 
ogenschouw te nemen. Het doel van dit proefschrift is om onze kennis over de 
milieueisen van soorten uit te breiden en in te zetten voor de evaluatie van de 
doeltreffendheid van rivierherstelmaatregelen. Het onderzoek richt zich op inheemse 
en uitheemse weekdieren (mollusken: slakken en mosselen) en vissen die in de Rijn-
Maas delta voorkomen. Speciale aandacht wordt geschonken aan verandering in 
milieuomstandigheden als gevolg van klimaatverandering en intensieve scheepvaart 
op de grote rivieren. Daarom zijn in dit proefschrift de volgende onderzoeksvragen 
geformuleerd:
•  Wat zijn de milieueisen van de geselecteerde soortengroepen in rivierecosystemen?
•  Hoe beïnvloeden extreme milieuomstandigheden de soortensamenstelling van 
mollusken en de ecosysteemdiensten die zij leveren?
•  Wat zijn de gevoeligheden van mollusken voor klimaat gerelateerde 
milieuveranderingen? 
•  Hoe effectief zijn de recente maatregelen in de Rijn met betrekking tot ecologisch 
herstel zoals het vervangen van kribben door langsdammen en de aanleg van 
oever- en nevengeulen?
Een risicobeoordeling is uitgevoerd voor de introductie van de uitheemse Chinese 
moerasslak (Bellamya (Cipangopaludina) chinensis) in de Rijn-Maasdelta (hoofdstuk 
2). Voor deze risicobeoordeling zijn de milieuomstandigheden vastgesteld waarbij 
de soort is waargenomen in zijn oorspronkelijke en door invasie gekoloniseerde 
verspreidingsgebied. De soort bleek voor te komen bij een wijde variatie aan 
milieuomstandigheden en is daarom geclassificeerd als een soort met een hoog risico 
van verdere verspreiding en vestiging in Europese rivieren. Hoofdstuk 3 beschrijft 
het verspreidingsrisico bij hechting aan de romp van recreatievaartuigen van twee 
invasieve uitheemse mosselen, de Quagga mossel (Dreissena rostriformis bugensis) en 
de Driehoeksmossel (Dreissena polymorpha) op basis van laboratoriumexperimenten. 
De overleving van beide soorten tijdens transport over land is beoordeeld gedurende 
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hun blootstelling aan lucht. De kans op overleving neemt af met de duur van 
blootstelling. Desalniettemin waren er 48 uur na blootstelling nog steeds levende 
individuen. De resultaten van hoofdstuk 2 en 3 tonen het belang van het vaststellen 
van de milieueisen en gevoeligheden van soorten. Dergelijke informatie maakt het 
mogelijk om de geschiktheid van specifieke leefgebieden en de waarschijnlijkheid van 
verspreiding en kolonisatie te evalueren. 
Ecosysteem effecten van veranderingen in milieuomstandigheden van habitats 
zijn beoordeeld aan de hand van een tweetal extreme gebeurtenissen waarbij de 
milieuomstandigheden aanzienlijk afweken van de natuurlijk optredende variatie. Het 
effect van dergelijke gebeurtenissen op populaties van de quagga- en driehoeksmossel 
is vastgesteld door de gevolgen van een plotselinge door de mens veroorzaakte extreme 
waterstandsdaling in de Nederrijn tijdens de wintermaanden te analyseren (hoofdstuk 
4). Aanspoelsel van mosselen direct na de waterstandsdaling bestond voornamelijk uit 
uitheemse soorten, hetgeen impliceert dat deze soorten de lokale leefgemeenschap 
domineerden. De dichtheid van quagga- en driehoeksmosselen op harde substraten 
nam sterk af en herstelde zich langzaam. Na 18 maanden was de oorspronkelijke 
dichtheid weer hersteld. Een door de mens veroorzaakte extreme waterstandsdaling 
op de Maas tijdens de wintermaanden maakte het mogelijk de filtratiecapaciteit van 
de quagga- en driehoeksmossel populaties te kwantificeren en het verlies daarvan 
door deze verstoring (hoofdstuk 5). Dit verlies is berekend door de mosseldichtheden 
op kribben te bepalen en vervolgens te koppelen aan gedetailleerde hoogtemodellen 
van deze kribben. Na 15 dagen blootstelling aan de lage wintertemperaturen was de 
sterfte van de mosselen 100% en hun filtratiecapaciteit daarmee volledig verdwenen. 
Na herstel van het waterpeil duurde het 17 maanden voordat de kribben volledig 
gerekoloniseerd waren en daarmee de oorspronkelijke filtratiecapaciteit hersteld was. 
Beide studies laten zien dat extreme milieuomstandigheden zoals een plotselinge 
verlaging van het waterpeil gedurende winterperioden een grote invloed uitoefenen 
op de soortensamenstelling en ecosysteemdiensten van schelpdieren. 
De gevoeligheden van zoetwatermollusken voor klimaatgerelateerde 
milieufactoren, zoals watertemperatuur en rivierafvoer, zijn afgeleid via een 
omvangrijk literatuuronderzoek (hoofdstuk 6). De minimum- en maximumwaarden 
van milieuomstandigheden, zoals watertemperatuur, zuurstof beschikbaarheid, 
waterdiepte en stroomsnelheid, zijn verzameld. Deze waarden betreffen metingen 
van omgevingsfactoren op zowel lokale (habitat) als een groter ruimtelijk 
schaalniveau (waterlichaam) in relatie tot het voorkomen van mollusken. Daarnaast 
zijn soortengevoeligheden verkregen in laboratoriumexperimenten en gebruikt om 
toleranties van mollusken voor omgevingsfactoren vast te stellen. Vervolgens is de 
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soortspecifieke minimale en maximale gevoeligheid voor deze  omgevingsfactoren 
gebruikt om voorspellende soortengevoeligheidsverdelingen (SGV’s) af te leiden. In 
hoofdstuk 7 is hiervan gebruik gemaakt door een voorspelling te maken van de lokale 
mollusken gemeenschap in de Rijn op basis van SGV’s voor watertemperatuur, saliniteit 
en uitdroging. De drie SGV’s samen zijn vergeleken met de milieuomstandigheden 
en verklaarden respectievelijk 62% en 80% van de daadwerkelijk afwezige fractie 
van de lokale inheemse en uitheemse levensgemeenschap in de Rijn. Deze hoge 
voorspellende waarde van SGV’s maakt de methode daarmee ook waardevol voor het 
voorspellen en evalueren van de effectiviteit van herstelmaatregelen ten behoeve van 
biodiversiteit in rivieren. 
Met een SGV voor de maximale watertemperatuur van vissen zijn de gevolgen 
van temporele en ruimtelijke variabiliteit in watertemperatuur beoordeeld op de 
potentiële aanwezigheid van inheemse en uitheemse vissen (hoofdstuk 8). Metingen 
van de watertemperatuur in een nevengeul langs de Waal vonden plaats met een 
resolutie van 0.25 m x 0.25 m gebruikmakend van thermische beelden. De hoge 
nauwkeurigheid van deze metingen laat gedurende een warme zomerdag een 
patroon van opwarming en afkoeling zien. Door deze metingen te vergelijken met de 
SGV van vis voor maximale watertemperatuur is het potentieel voorkomende deel van 
de leefgemeenschap bepaald. Over het algemeen daalde het percentage vissoorten 
waarvoor het habitat geschikt is in de loop van de dag vanwege toename van de 
watertemperatuur. De geschiktheid voor uitheemse vissoorten bleek gedurende de 
gehele dag hoger dan de geschiktheid voor inheemse vissoorten. Dit impliceert dat 
de hoge watertemperaturen moeten worden gemitigeerd om aan de milieueisen 
van inheemse vissoorten te voldoen, zoals door het verhogen van de afvoer van 
nevengeulen, het creëren van diepe en schaduwrijke pekken of het bevorderen van 
kwel. 
Recent zijn kribben verwijderd in een deel van de Waal en vervangen door 
langsdammen in het kader van het Ruimte voor de Rivier programma. Deze langsdammen 
scheiden de rivier in twee geulen waardoor naast een hoofdgeul voor de commerciële 
scheepvaart beschutte oevergeulen ontstaan. Langsdammen dienen daarmee 
meerdere functies dan de oorspronkelijke kribben: 1) scheepvaart: het vergroten en 
handhaven van de minimale waterdiepte voor navigatie, 2) hoogwaterveiligheid: het 
verhogen van de afvoercapaciteit tijdens hoge afvoeren en het, garanderen van een 
veilige afvoer van ijs, 4) beheer & onderhoud: verminderen van onderhoudskosten 
(baggeren) van de vaargeul, en 5) natuur: de geringere invloed van scheepvaart op 
de milieuomstandigheden in de oeverzone. Hoofdstuk 9 beschrijft de invloed van 
de langsdammen kort na aanleg op de milieuomstandigheden en visdichtheden 
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in de beschutte oevergeulen. Langsdammen stabiliseren de stromingspatronen 
in de oevergeul en verminderen de negatieve invloed van passerende schepen op 
vis vergeleken met nabijgelegen kribvakken. De visdichtheden in de oevergeul zijn 
significant hoger dan in de kribvakken, hetgeen aangeeft dat het aanleggen van 
langsdammen een effectieve ecologische herstelmaatregel is in druk bevaren rivieren. 
Tegelijkertijd wordt het overstromingsrisico van de rivier verminderd en wordt de 
commerciële scheepvaart bij lage waterstanden gefaciliteerd.  
Dit proefschrift heeft onze kennis over de milieueisen van riviergebonden mosselen, 
slakken en vissen vergroot. Deze kennis heeft het mogelijk gemaakt om de SGV 
methode toe te passen om de doeltreffendheid van herstelmaatregelen voor deze 
soortgroepen te voorspellen en evalueren. Hoofdstuk 10 schetst  de toepassing van 
de SGV methode voor het rivierbeheer. Daarbij wordt de toegevoegde waarde van 
SGV’s voor herstelmaatregelen in zowel de ontwerp- als evaluatiefase bediscussieerd. 
533915-L-bw-Collas
Processed on: 2-8-2019 PDF page: 303
303
533915-L-bw-Collas
Processed on: 2-8-2019 PDF page: 304
Dankwoord
533915-L-bw-Collas
Processed on: 2-8-2019 PDF page: 305
305
Mijn eerste uitgebreide ervaring met wetenschappelijk onderzoek vond plaats 
tijdens de 1ste stage van de master biologie in Nijmegen. Het betreffende onderzoek 
resulteerde in een publicatie die ook opgenomen is in dit proefschrift. Hierna was mijn 
interesse in onderzoek gewekt. Een promotietraject was voor mij dan ook een logisch 
vervolg. In september 2014 ben ik in het kader van de ‘RiverCare’ en ‘WaalSamen’ 
programma’s begonnen aan mijn promotieonderzoek naar innovatieve langsdammen, 
die op dat moment in de rivier de Waal werden aangelegd. Velen hebben hun bijdrage 
geleverd aan de totstandkoming van mijn proefschrift. Als eerste wil ik graag mijn 
promotoren en copromotoren bedanken.
Rob, op basis van onze eerste kennismaking bij de tentameninzage van het vak mens 
en milieu had niemand verwacht, en zeker ik niet, dat ik onder jouw begeleiding 
zou promoveren. Door jouw accepterende en oordeelsvrije houding wist jij mij te 
motiveren om mijn frustraties om te zetten in een constructieve bijdrage aan het vak 
waarbij ik tot op de dag van vandaag nog met veel plezier betrokken ben. Als mijn 
dagelijks begeleider heb je mij de vrijheid gegeven om mijn eigen keuzes te maken 
en me daardoor op wetenschappelijk vlak te ontwikkelen. Als ik vol zat met frustraties 
en ergernissen lukte het jou altijd om op de goede toon, op de goede manier mij 
te motiveren om weer met enthousiasme door te gaan. Dit getuigt van jouw grote 
mensenkennis. Op het persoonlijk vlak heb je mij geleerd om te relativeren, maar 
vooral om soms tot 10 te tellen. Ik ben blij dat we in ieder geval de komende jaren 
samen blijven werken en ik kijk uit naar nog veel fijne discussies waarmee we ons 
onderzoek naar een hoger niveau kunnen tillen. 
Jan, van meet af aan heeft jouw relaxte houding als promotor mij op veel momenten 
geholpen. Het gaf me het gevoel dat het uiteindelijk allemaal goedkomt. Bedankt 
voor de kritische vragen die je tijdens menig overleg wist te stellen. Vaak hebben ze 
mij stof tot nadenken gegeven en heb ik verbeteringen kunnen doorvoeren.  
Tom, in de beginfase van mijn promotietraject heb je veel tijd en moeite gestopt in 
de opzet van het veldwerk. Jouw kritische blik gedurende het gehele proces hield mij 
scherp. Bedankt voor het verbreden van mijn horizon. Ik had op voorhand niet kunnen 
verwachten zo enthousiast te worden van het visonderzoek. Met veel plezier kijk ik uit 
naar het verwerken en publiceren van alle visdata die er nog ligt. 
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Gerard, jouw superieure (soorten)kennis heeft onmiskenbaar bijgedragen aan dit 
proefschrift. De door jou uitgestraalde rust werkt aanstekelijk en plaatst activiteiten en 
deadlines in perspectief. Jij hebt me geleerd dat niks zo essentieel en bevredigend is 
als gedegen veldonderzoek. Ook al ben je al geruime tijd met emeritaat toch hoop ik 
dat we de komende jaren nog veel zullen samenwerken. 
Dear Sasha and Lyuba, I will be forever grateful for the opportunity you gave me to 
visit and study at the Great Lakes Center in Buffalo. Not only did you facilitate the 
internship you also provided a home away from home. I will never forget the numerous 
bbq’s at your place and the vivid discussions. 
Knut, I would have never expected our boat to be boarded by American border patrol 
when we were sampling in the Niagara River but it did happen. The already nice stay 
in Buffalo became even better with you as a house mate. I am happy that we stayed in 
touch. I wish you all the best at your new position in Germany; it will at least be easier 
to meet-up. 
Nils bedankt voor de gezellige sfeer tijdens de vele nachtelijke vis activiteiten. Menig 
gevulde koek hebben we soldaat gemaakt. Onze discussies hebben tijdens deze 
nachtelijke activiteiten tot veel nieuwe inzichten met betrekking tot het onderzoek 
geleid, dank daarvoor. Hopelijk kunnen we de komende tijd een aantal van de ideeën 
verwezenlijken. 
Zoals al eerder aangegeven heeft een groot deel van het onderzoek in dit 
proefschrift plaatsgevonden in het kader van het ‘RiverCare’ en ‘WaalSamen’ 
onderzoeksprogramma. Een aantal personen van deze projecten hebben een 
sleutelrol vervult en wil ik graag bedanken. 
Henk, dank voor jouw tomeloze inzet om gekke ideeën en verzoeken van mijn kant 
te faciliteren. De dagen dat we samen langs de langsdammen hebben gestruind 
heb ik als zeer waardevol beschouwd. Zonder jou had het langsdammen onderzoek 
überhaupt niet plaats kunnen vinden. Robin, net als Henk heb jij geholpen bij het 
organiseren en faciliteren van het onderzoek. Tijdens onze gesprekken lukte het je 
altijd om op de goede manier door te vragen en mijn lange gedetailleerde uitleg 
gebonden samen te vatten. Margriet, bedankt voor de vele geanimeerde discussies 
over de data tijdens bijeenkomsten van de werkgroep natuur en daarbuiten. De 
prettige werkomgeving bij Rijkswaterstaat kwam mede doordat ik bij jou altijd een 
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luisterend oor kon vinden. Lucas, in het begin hielp je mee bij technische aspecten van 
het langsdammen project maar al snel vonden we elkaar in discussies over habitateisen 
van doelsoorten. Dank voor de vele gesprekken en jouw kritische blik over het 
onderzoek. Frank, goed om te ervaren dat de hengelvangstregristraties een goede 
aanvulling op het visonderzoek zijn. Roland, gedurende het ‘WaalSamen’ onderzoek 
kregen we steeds meer contact. Dankzij jouw inzet hebben we ondertussen een groot 
aantal verschillende vangsttuigen gebruikt bij de langsdammen. Bedankt voor het 
meedenken en mee-interpreteren van de resultaten. Ook wil ik de andere leden van 
de ‘RiverCare’ gebruikerscommissie en van het ‘WaalSamen’ programma bedanken 
voor de vele gesprekken en discussies: Timo, Ton, Wim, Roula, Andries, Erik, Wiebe, 
Michel, Eric, Leny, Luc en Edo. Het visonderzoek was niet mogelijk geweest zonder 
toestemming van de visrechthebbende van de betreffende wateren. 
Gedurende de afgelopen jaren heeft het begeleiden van meerdere studenten veel 
(on)gepubliceerde data opgeleverd. Hopelijk kunnen we de komende tijd veel van de 
data publiceren. In willekeurige volgorde wil ik graag alle studenten bedanken: Stan, 
Katharina, Paula, Pim, Rens, Florian, Gemma, Daan, Dirk, Irene, Marieke en Menno. In 
het bijzonder wil ik graag Naomi, Lotte, Carolyn, Joey, Gabriëlla en Natasha bedanken 
voor jullie hulp tijdens de vele visnachten en voor het meeslepen van alle apparatuur 
door metershoge begroeiing. 
Gina en Marianne, bedankt voor het regelen van een opslag voor de veldwerkspullen. 
Daarnaast bedankt voor de niet aflatende secretariële ondersteuning. Vera, bedankt 
voor het mogen gebruik van de auto ondanks het feit dat ik niet bij jullie instituut hoor. 
Menig keer heeft dit voor breinbrekers gezorgd over hoe en waar de sleutel te vinden 
was. Daisy, na mijn verhuizing naar de afdeling Dierecologie en Fysiologie kon ik bij jou 
terecht voor alle vragen over het ‘lokale’ reilen en zeilen, dank daarvoor.
Graag wil ik alle collega’s van de afdelingen ‘Milieukunde’ en ‘Dierecologie en 
Fysiologie’ bedanken voor de prettige werksfeer de afgelopen jaren. In het bijzonder 
mijn dank voor Pieter, Jelle, Steef, Lisette, Joris, Thomas, Zoran, Janneke, Laura, 
Anouk, Jonathan, Andrew en Lyanne. Tevens wil ik graag iedereen van het ‘RiverCare’ 
programma bedanken voor de gezellige borrels, bbq’s en bijeenkomsten. Wimala, 
de velddag in Gameren was verreweg de langste velddag de afgelopen jaren maar 
meteen ook een van de bijzonderste. 
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Remon, wie had gedacht dat we na onze ontmoeting tijdens de introductie van de 
studie biologie zolang gezamenlijk hetzelfde pad zouden volgen. Bij menig cursus 
hebben we samengewerkt. Het tegelijkertijd stagelopen bij Rob en Wilco was een 
verdere continuering van onze samenwerking waarbij onze productiviteit niet gering 
was. Als kers op de taart wonnen we de posterprijs bij de NCR dagen. Vervolgens 
konden we beide als promovendus starten binnen het ‘RiverCare’ project en is het ons 
gelukt om ook weer ongeveer gelijktijdig het proefschrift af te ronden. Onze directe 
samenwerking is nu voorbij, echter ik weet zeker dat we af en toe nog tijd zullen vinden 
om mosselen te verzamelen tijdens de winter. Dank dat je mijn paranimf wil zijn. 
Dank aan al mijn vrienden. Jullie hebben de afgelopen jaren regelmatig voor de 
broodnodige afleiding gezorgd. Pieter, mooi dat we op onze middelbare school, 
onze biologische carrières begonnen met het onderzoeken van het geheugen van 
goudvissen. Ondanks, en misschien wel dankzij, het feit dat we, samen met Yew Cho 
niet op hoefden te letten bij de biologie lessen, zolang we de andere leerlingen maar 
niet stoorden. Danielle en Yew Cho, het regelmatig ontsnappen, liefst in recordtijd, 
zorgde altijd weer voor het opladen van mijn accu. Lars, onze vriendschap ontstond in 
Portland, tijdens het drinken van smerig Amerikaans speciaal bier. Dank voor menig 
discussie en een gezonde portie relativering ten aanzien van de wetenschappelijke 
wereld. Corine, Jeroen, Anne, Livia, Sara en Stefan bedankt voor alle gezellige 
momenten samen waarbij plezier vooropstond zoals met carnaval. Bas bedankt voor 
je eigen kijk op de natuur en voor alle goede vragen die je me zo jong stelde.
Ook een woord van dank voor mijn familie en schoonfamilie. Dyonne en Yvette, jullie 
weten dat niets beter helpt bij een vol hoofd dan gezellig samen bbq-en en genieten 
van Dyonne’s kook skills. Jeanne, jouw doorzettingsvermogen is bewonderenswaardig 
en een voorbeeld voor hoe je, ook in moeilijkere tijden, ergens je schouders onder 
zet. Bovendien voel ik me thuis in jouw gezin, dank daarvoor. Tessa, mijn schoonzus 
en medische vraagbaak bij huisongelukjes. Moeder van mijn twee lieve nichtjes Féline 
en Sophie, die na het afronden van deze promotie kunnen rekenen op een echte 
kieteldood. 
Tom en Pierre, mijn oudere en jongere broer. Zo verschillend en de beste broers die 
ik me kan wensen. Tom, hoewel, na het afronden mijn proefschrift, de hoogste in 
academische rang is er nog zoveel dat ik van jou kan leren. Pierre, toen je klein was 
heb je, met je verzonnen bijnaam voor mij, waarschijnlijk de basis gelegd voor het 
afronden van mijn proefschrift. Lieve broers, laten we nooit vergeten dat we samen de 
‘Drie Musketiers’ zijn. 
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Mama en Papa zonder de vrijheid die jullie mij hebben gegeven om te zoeken, te 
vragen, te experimenteren was het niet gelukt. Ik ben jullie uit het diepst van mijn hart 
dankbaar voor de fijne onbezorgde jeugd die ik heb gehad. Ik hou van jullie. Het reisje 
naar Yvoir zal ik nooit vergeten. 
Julie, mijn leven is nog mooier geworden sinds jij er bent. Elke dag geniet ik van je lach 
en zelfs van je geschreeuw en gehuil. Jij zorgt voor relativering en wijst me zonder dat 
je het doorhebt op dat wat echt belangrijk is in het leven. Ik hoop dat we jou dezelfde 
vrije en onvoorwaardelijke opvoeding kunnen geven die ik zelf heb gehad. Nicole, mijn 
woorden schieten te kort om jou te bedanken voor je niet aflatende steun tijdens mijn 
studie en tijdens het schrijven van mijn proefschrift. Dank voor al jouw relativerende en 
kritische opmerkingen maar vooral dank voor je grenzeloos vertrouwen dat het goed 
zou komen. De eerste schooldag dat ik je zag zal ik nooit vergeten. Wie had toen 
kunnen denken dat het een begin was van onze toekomst samen. Ons leven is pas 
net begonnen maar ik ben er van overtuigd dat we, samen met Julie, nog vele mooie 
momenten zullen beleven. 
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Frank Collas was born on March 23rd 1989 in Waalwijk (The Netherlands). After finishing 
his secondary school at Porta Mosana in Maastricht, he started studying molecular life 
sciences at Maastricht University in 2007. The subsequent year Frank switched to the 
bachelor’s programme in Biology at Radboud University in Nijmegen due to his interest 
in ecology. For his master’s programme in Biology at Radboud University he was able 
to participate in two programmes of the Radboud Honours Academy, one of which 
resulted in a research internship at the Great Lakes Centre in Buffalo, United States 
of America. In 2014, Frank obtained a master’s degree in Biology (‘bene meritum’). 
Subsequently, he was employed at Radboud University (Department of Environmental 
Science) as a PhD student in the ‘RiverCare’ programme. As part of this programme 
he studied the environmental requirements of native and alien riverine species and 
assessed the ecological effects of longitudinal training dams and side channels in the 
river Waal. Additionally, throughout his PhD he continued his work on risk assessments 
of invasive alien species for the Netherlands Food and Consumer Safety Authority 
(Dutch: NVWA). Frank has (co)-authored 13 peer-reviewed publications. He has 
served as a guest editor for a special issue of the journal Management of Biological 
Invasions and as a reviewer for six international scientific journals. During his PhD Frank 
was involved as a teacher in several bachelor and master courses and was the daily 
supervisor of 14 bachelor and master students. After finishing his PhD contract in 2018 
he acquired funding for a postdoc position at the Department of Animal Ecology and 
Physiology to continue his research on the ecological effects of longitudinal training 
dams in the river Waal.
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